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Abstract	

	
Advances	in	our	understanding	of	the	pathophysiology	of	atrial	fibrillation	(AF)	and	

atrial	macro-reentry	through	improvements	in	technology	has	led	to	the	development	

of	treatment	approaches	involving	catheter	ablation.	However,	outcomes	have	been	

suboptimal	 possibly	 due	 to	 an	 incomplete	 understanding	 of	 the	 underlying	

mechanisms	 of	 these	 arrhythmias.	 	 Using	 novel	 three-dimensional	 (3D)	 mapping	

techniques,	this	thesis	aims	to	answer	unresolved	questions	in	our	understanding	of	

the	mechanisms	of	human	persistent	AF	and	atrial	macro-reentry.		

	

Recent	work	using	phase	mapping	has	suggested	that	rotors	may	act	as	drivers	 for	

persistent	AF	with	studies	from	different	centers	reporting	promising	findings	of	acute	

termination	 and	 long	 term	 freedom	 from	 AF	 with	 ablation	 at	 the	 rotor	 center.	

However,	these	encouraging	results	have	not	been	observed	consistently	possibly	due	

to	 the	 two-dimensional	 (2D)	representation	of	 the	 left	atrium	(LA)	 in	 this	mapping	

technique.	In	Chapter	2,	we	used	a	novel	3D	phase	mapping	technology	that	takes	into	

account	 patient-specific	 left	 atrial	 geometry	 to	 display	 phase	 to	 determine	 the	

dominant	propagation	patterns	in	patients	with	persistent	AF.	We	observed	transient	

rotors	in	the	majority	of	patients,	however,	they	were	present	for	only	a	small	fraction	

of	the	total	recording	time	with	the	dominant	propagation	pattern	overall	being	single	

broad	wavefronts.	

	

An	additional	assumption	of	the	abovementioned	2D	phase	mapping	system	is	that	the	

64	electrodes	of	the	Constellation	basket	catheter	are	arranged	in	a	uniform	8x8	grid	

in	a	fixed	position	within	the	2D	representation	of	the	LA.	These	spatial	assumptions	
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may	lead	to	errors	in	phase	animation	as	the	actual	3D	locations	of	the	basket	catheter	

are	 not	 taken	 into	 consideration.	 In	 Chapter	 3,	 we	 therefore	 determined	 whether	

rotational	 activity	 detected	 in	 2D	 phase	maps	were	 observed	 in	 corresponding	 3D	

phase	maps.	We	found	that	none	of	the	rotors	observed	in	2D	phase	maps	were	seen	

in	the	same	time	segments	and	anatomical	locations	in	3D	phase	maps.	The	2D	phase	

detected	 rotors	 either	 corresponded	 in	 3D	 phase	 maps	 to	 wavefronts	 (single	 or	

multiple),	disorganized	activity	or	an	absence	of	basket	coverage	at	the	corresponding	

3D	anatomical	site.	

	

With	 the	 increasing	 clinical	 use	 of	 the	 Constellation	 basket	 catheter	 in	 currently	

available	mapping	systems,	Chapter	4	evaluated	the	efficacy	of	this	catheter.	We	found	

that	 there	were	 significant	 limitations	 of	 the	 basket	 catheter	 in	 terms	 of	 electrode	

contact	and	coverage	of	the	LA.	In	addition,	there	was	regional	variation	of	coverage	

with	preferential	coverage	of	the	lateral	wall	and	absence	of	contact	with	the	septum.	

These	findings	suggest	that	there	is	a	need	for	the	development	of	high	density	basket	

catheters	which	provide	uniform	LA	coverage.		

	

Prior	 to	 the	 current	 focus	on	AF,	 atrial	macro-reentry	was	 the	 subject	of	 extensive	

research.	 The	 recent	 development	 of	 high-density	 high-resolution	 3D	 mapping	

provides	 an	 opportunity	 to	 study	 atrial	 macro-reentry	 to	 a	 level	 of	 detail	 not	

previously	 attainable.	 In	 Chapter	 5,	 we	 sought	 to	 determine	 the	 location	 of	 the	

posterior	 line	 of	 block	 and	 characterize	 the	 relationship	 between	 substrate	 and	

conduction	in	patients	with	right	atrial	macro-reentry.	We	found	that	in	the	majority	

of	 patients	 with	 cavotricuspid-isthmus	 (CTI)	 dependent	 atrial	 macro-reentry,	 the	

posterior	line	of	block	was	located	at	the	posteromedial	right	atrium	(RA).	In	addition,	
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we	observed	the	presence	of	highly	variable	and	localized	zones	of	slow	conduction	

which	were	associated	with	abnormal	atrial	substrate	resulting	in	individual	variation	

of	propagation	patterns.	

	

In	 Chapter	 6,	 using	 high-density	 high-resolution	 3D	 mapping,	 we	 evaluated	 the	

concept	of	epicardial-endocardial	breakthrough	(EEB)	that	has	been	postulated	as	a	

mechanism	for	persistent	AF.		We	hypothesized	that	if	EEB	is	present	during	AF,	and	

dependent	 on	 anatomically	 located	muscle	 bundles,	 then	 evidence	 for	 this	may	 be	

present	 during	 stable	 atrial	 macro-reentry.	 We	 observed	 that	 EEB	 sites	 were	

predominantly	 located	at	the	posterior	RA.	Activation	maps	during	tachycardia	and	

stable	 CS	 pacing	 demonstrated	 EEB	 at	 the	 same	 anatomical	 location.	 Systematic	

entrainment	confirmed	that	these	EEB	sites	were	part	of	the	active	circuit.		

	

The	ongoing	utility	of	 entrainment	has	been	questioned	 in	 the	 current	era	of	high-

density	 high-resolution	 3D	 mapping.	 Entrainment	 has	 many	 pitfalls	 such	 as	 an	

unexpectedly	 long	post-pacing	 interval	(PPI)	despite	proximity	to	the	active	circuit.	

However,	the	limitations	of	visual	representation	of	high-density	3D	maps	are	unclear.	

In	 Chapter	 7,	 using	 both	 3D	mapping	 and	 systematic	 entrainment	 in	 atrial	macro-

reentry,	we	observed	that	entrainment	was	critical	in	distinguishing	between	active	

and	passive	circuits.		High-density	3D	mapping	alone	may	create	the	appearance	of	a	

complete	circuit	which	is	actually	passive.	On	other	hand,	high-density	3D	mapping	

provided	new	insights	by	identifying	highly	localized	zones	of	slow	conduction	that	

when	 located	 proximal	 to	 an	 entrainment	 pacing	 site	 resulted	 in	 long	 PPI	 despite	

proximity	to	the	active	circuit.	These	findings	suggest	that	high-density	3D	mapping	

and	entrainment	are	complementary	techniques	in	atrial	macro-reentry.	
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CHAPTER	ONE	
	

Literature	Review	

	

	

Atrial	arrhythmias	include	a	range	of	different	rhythm	disturbances	which	encompass	

almost	 the	 full	 spectrum	 of	 arrhythmia	 mechanisms.	 Two	 commonly	 encountered	

arrhythmias	 are	 atrial	 fibrillation	 (AF)	 and	 atrial	 macro-reentry.	 Generally,	 these	

arrhythmias	 respond	 poorly	 to	 anti-arrhythmic	 medications	 (AAD)	 with	 patients	

frequently	having	recurring	and	at	times	debilitating	symptoms.1,2		

	

Over	 the	 past	 decade,	 major	 technological	 advances	 in	 the	 field	 of	 cardiac	

electrophysiology	has	seen	the	development	of	approaches	using	catheter	ablation	for	

the	 treatment	 of	 these	 common	 arrhythmias.3,4,5	 However,	 despite	 significant	

advances	 in	our	management,	outcomes	from	catheter	ablation	are	varied	and	may	

relate	 to	 an	 incomplete	 understanding	 of	 the	 mechanisms	 underlying	 these	

arrhythmias.6	The	broad	aim	of	this	thesis	will	therefore	be	to	further	understand	the	

mechanisms	of	AF	and	atrial	macro-reentry	with	the	use	of	novel	three-dimensional	

(3D)	mapping	technology.	
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1.1	ATRIAL	FIBRILLATION	

	

1.1.1	Introduction	

	

AF	is	the	most	common	cardiac	arrhythmia.	Its	prevalence	increases	with	age,	rising	

from	approximately	0.1%	in	people	aged	less	than	55	years	to	9%	in	those	older	than	

80	years.7	It	is	estimated	that	25%	of	adults	greater	than	40	years	old	will	be	diagnosed	

with	AF	 in	 their	 lifetime.8	Recent	 analyses	have	 shown	 that	 the	 incidence9,10,11	 and	

number	of	hospitalisations	due	to	this	arrhythmia	is	on	the	rise.12		This	is	likely	to	have	

significant	public	health	implications	given	the	development	of	AF	is	 independently	

associated	with	an	increased	risk	of	stroke,13,14	heart	failure,15,16	mortality17,18,19,20,21,22	

and	 impaired	 quality	 of	 life.23,24	 Consequently,	 the	 already	 significant	 economic	

burden	of	AF	is	predicted	to	rise	markedly.25,26		

	

The	 treatment	 and	 prevention	 of	 AF	 has	 therefore	 become	 a	 key	 healthcare	 focus	

underpinned	 by	 clinical	 and	 translational	 research	 into	 underlying	 arrhythmia	

mechanism.	 It	 is	 envisaged	 that	 through	 a	 better	 understanding	 of	 disease	

mechanisms,	a	more	tailored	treatment	approach	can	be	developed	with	consequent	

improvement	in	outcomes.		
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1.1.2	Classification	Of	Atrial	Fibrillation	

	

AF	 represents	 a	 clinical	 spectrum	 of	 disease	 that	 is	 diagnosed	 on	 the	 basis	 of	 the	

characteristic	surface	electrocardiogram	(ECG)	appearance	of	irregular	R-R	intervals	

(in	the	absence	of	atrioventricular	block)	with	no	distinct	P	waves	and	variable	atrial	

cycle	 length.3	 An	 AF	 episode	 is	 defined	 as	 an	 arrhythmia	 with	 the	 above	 ECG	

characteristics	 that	have	been	recorded	by	ECG	monitoring	with	a	duration	greater	

than	30	seconds	or	if	less	than	30	seconds,	is	present	continuously	throughout	the	ECG	

monitoring	tracing.3		

	

AF	 can	 be	 classified	 into	 five	 types	 based	 on	 the	 presentation,	 duration	 and	

spontaneous	termination	of	the	arrhythmia:3,4	

1. First	diagnosed:	Any	patient	with	first	presentation	of	AF	irrespective	of	duration	

of	episode,	presence	or	severity	of	AF-related	symptoms.		

2. Paroxysmal:	 Recurrent	 episodes	 of	 AF	 (≥2	 episodes)	 that	 either	 terminates	

spontaneously	or	with	electrical	or	pharmacological	cardioversion	within	7	days.	

However,	if	sinus	rhythm	is	restored	using	cardioversion,	the	ultimate	duration	of	

the	AF	episode	is	unknown.	

3. Persistent:	Recurrent	episodes	of	AF	(≥2	episodes)	that	are	sustained	for	≥7	days.		

4. Long-standing	persistent:	Continuous	AF	≥12	months	duration.	

5. Permanent	AF:	When	the	patient	and	physician	have	accepted	the	presence	of	AF	

and	there	are	no	longer	any	further	attempts	to	restore	or	maintain	sinus	rhythm.		
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1.1.3	Natural	History	Of	Atrial	Fibrillation	

	

Estimates	of	 the	progression	 from	one	of	 the	abovementioned	subtypes	 to	another	

appear	 to	 be	 influenced	 by	 population	 characteristics,	 associated	 risk	 factors	 and	

mode	of	AF	monitoring.	In	a	study	of	patients	with	paroxysmal	AF,	the	progression	to	

persistent	AF	was	15%	over	 a	 12	month	 follow-up.27	Age,	 hypertension,	 history	 of	

transient	ischemic	attack	(TIA)	or	stroke,	and	chronic	obstructive	pulmonary	disease	

were	 reported	 as	 being	 predictive	 of	 progression.	 Furthermore,	 in	 patients	 with	

paroxysmal	AF	awaiting	catheter	ablation,	11%	progressed	to	persistent	AF	during	a	

10-month	 follow-up	 period	 with	 heart	 failure	 and	 left	 atrial	 diameter	 >45	 mm	

predictive	of	progression.28		

	

A	more	recent	analysis	observed	that	the	rate	of	progression	from	paroxysmal	AF	to	

persistent	AF	at	1,	5,	and	10	years	was	8.6%,	24.3%,	and	36.3%	respectively.29	In	this	

study,	advancing	age,	aortic	stenosis,	mitral	regurgitation,	left	ventricular	hypertrophy	

and	 left	 atrial	 dilatation	 were	 associated	 with	 progression	 to	 persistent	 AF.	 It	 is	

therefore	possible	that	the	progression	of	AF	may	be	influenced	by	the	development	

of	 associated	 comorbidities.	On	 the	other	hand,	 based	on	 the	documentation	of	AF	

using	pacemakers,	26%	of	patients	with	persistent	AF	regressed	to	paroxysmal	AF	in	

the	absence	of	 intervention.30	This	disparity	between	studies	evaluating	the	natural	

history	of	AF	likely	reflects	our	incomplete	understanding	of	the	mechanisms	of	AF.		
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1.1.4	Mechanisms	Of	Atrial	Fibrillation	

	

The	abovementioned	classification	of	AF	based	on	the	duration	of	AF	episodes	broadly	

reflects	the	underlying	pathophysiology.	The	development	of	AF	depends	on	a	complex	

interplay	between	triggers	that	initiate	the	arrhythmia	and	atrial	substrate	that	maintains	

the	 arrhythmia.	 In	 patients	with	 short	 paroxysms	of	 spontaneously	 reverting	AF	 (<48	

hours),	 the	 mechanism	 predominantly	 involves	 triggers	 emanating	 from	 within	 the	

pulmonary	 veins.	 However,	 for	 patients	 with	 paroxysms	 lasting	 >48	 hours	 and	 for	

patients	with	persistent	or	long-lasting	persistent	AF,	atrial	substrate	plays	an	increasing	

role	with	changes	in	the	electrical,	structural	and	functional	properties	of	the	atria,	known	

as	 atrial	myocardial	 remodeling,	 providing	 the	 substrate	 that	 facilitates	 long-term	 AF	

maintenance.		

	

1.1.4.1	Pulmonary	Vein	Triggers	

Haissaguerre	and	co-workers	made	the	seminal	observation	that	focal	triggers	arising	

from	 the	 pulmonary	 veins	 were	 responsible	 for	 initiating	 frequent	 paroxysms	 of	

AF.31,32	In	an	initial	series	of	nine	patients	with	drug-resistant	paroxysmal	AF,	rapidly	

firing	foci	were	found	to	be	the	cause	of	AF	in	all	cases.31	In	six	of	the	nine	patients,	the	

foci	were	located	at	the	ostium	of	the	pulmonary	veins.	Radiofrequency	ablation	was	

performed	at	the	site	of	the	foci.	Neither	atrial	tachycardia	nor	AF	recurred	during	a	

mean	follow-up	period	of	10	±	10	months.		

	

In	 the	 subsequent	 landmark	 study	 involving	 45	 patients	 with	 drug	 resistant	

paroxysmal	AF,	atrial	ectopy	were	found	to	arise	in	94%	of	cases	from	the	pulmonary	

veins.32	 The	 earliest	 activity	 was	 localized	 to	 sites	 between	 2	 to	 4	 cm	 within	 the	
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pulmonary	veins	and	preceded	the	onset	of	the	ectopic	P	wave	by	106	±	24	ms.	AF	was	

initiated	by	a	burst	of	repetitive	(≥	2)	 focal	discharges	 in	40	patients,	a	single	 focal	

discharge	 in	 3	 patients	 and	 by	 both	 mechanisms	 in	 the	 remaining	 2	 patients.	

Radiofrequency	 ablation	 of	 the	 pulmonary	 vein	 foci	 was	 performed	 at	 the	 site	 of	

earliest	 activity.	 During	 a	 mean	 follow-up	 of	 8	 ±	 6	 months	 after	 radiofrequency	

ablation,	62%	of	patients	had	no	evidence	of	recurrence	of	AF.		Based	on	this	seminal	

work,	it	is	now	well	established	that	the	pulmonary	veins	are	an	important	source	of	

triggers	that	initiate	AF	and	forms	the	basis	of	the	current	catheter	ablation	technique	

of	 pulmonary	 vein	 isolation	 in	 the	 treatment	 of	 patients	 with	 paroxysmal	 and	

persistent	AF.33,34,35,36,37	

	

1.1.4.1.1	 Anatomy	 Of	 The	 Pulmonary	 Veins	 And	 Pulmonary	 Vein-Left	 Atrial	

Junction	

Myocardial	muscle	 fibres	extend	approximately	3	 to	17	mm	into	all	 the	pulmonary	

veins	from	the	left	atrium	(LA)	with	the	thickness	of	the	muscle	sleeves	greatest	at	the	

proximal	ends	and	tapering	distally.38	In	the	majority	of	cases,	the	muscle	sleeves	were	

arranged	as	circular	muscle	bundles	that	ran	circumferentially	around	the	pulmonary	

vein	 ostia.39	 The	 muscle	 sleeves	 were	 longer	 in	 the	 superior	 pulmonary	 veins	

compared	 with	 the	 inferior	 pulmonary	 veins.40	 In	 addition,	 using	 intravascular	

ultrasound,	areas	of	regional	thickening	of	the	pulmonary	veins	correlated	with	sites	

of	origin	of	pulmonary	vein	ectopy	in	patients	with	AF.41		

	

At	the	pulmonary	vein-left	atrial	(PV-LA)	junction,	anatomical	studies	have	reported	

the	 presence	 of	 multiple	 layers	 of	 branching	 muscle	 fibres	 that	 form	 complex	

connections.38,39,40	 In	 a	 high-density	 mapping	 study	 using	 catheters	 with	 closely	
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spaced	bipoles	to	map	the	pulmonary	vein	ostium	in	patients	with	AF,	Nakagawa	et	al.	

observed	 that	 the	 extent	 of	 LA-PV	 connections	 correlated	 with	 the	 degree	 of	

pulmonary	 vein	 firing.42	 The	 incidence	 of	 pulmonary	 vein	 firing	 increased	 with	

progressively	wider	LA-PV	connections.		

	

1.1.4.1.2	Electrophysiology	Of	Pulmonary	Veins	

The	 mechanism	 of	 impulse	 initiation	 in	 the	 pulmonary	 veins	 is	 incompletely	

understood.	 Abnormal	 automaticity,	 triggered	 activity	 or	 re-entry	 have	 been	

postulated	as	possible	mechanisms	for	impulse	initiation.		

	

Multiple	studies	have	suggested	the	presence	of	ectopic	pacemaker	cells	within	the	

human	pulmonary	vein	musculature.	Using	electron	microscopy,	Masani	observed	the	

presence	 of	 clear	 cells	 within	 the	 pulmonary	 veins	 which	 had	 ultra-structural	

characteristics	that	closely	resembled	sinus	nodal	cells.43	Furthermore,	in	a	study	of	

explanted	human	hearts,	cells	resembling	P	cells,	transitional	cells	and	Purkinje	cells	

were	 noted	 in	 human	 pulmonary	 veins.44	 	 Although	 these	 studies	 suggested	 the	

presence	of	conduction	tissue	within	human	pulmonary	veins,	these	studies	did	not	

evaluate	the	electrophysiological	characteristics	of	these	cells.			

	

Evidence	for	enhanced	automaticity	and	triggered	activity	as	underlying	mechanisms	

for	pulmonary	vein	arrhythmogenesis	 is	based	on	animal	models.	 	 In	a	study	using	

canine	 pulmonary	 vein	 myocardial	 tissue,	 a	 large	 proportion	 of	 pulmonary	 vein	

myocytes	with	spontaneous	pacemaker	activity	were	observed.45	In	response	to	rapid	

atrial	pacing,	these	myocytes	displayed	a	high	incidence	of	high	frequency	irregular	

activity	as	well	as	early	and	delayed	after	depolarizations.	Furthermore,	in	pulmonary	
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vein	preparations	of	rabbits,	the	administration	of	ryanodine	promoted	depolarization	

of	the	resting	membrane	potential	and	generation	of	spontaneous	activity.46	This	was	

associated	 with	 a	 change	 in	 the	 pacemaker	 from	 the	 sinus	 node	 to	 an	 ectopic	

pulmonary	vein	focus.	

	

Alternatively,	multiple	 studies	 have	 suggested	 the	 presence	 of	 pulmonary	 vein	 re-

entry.	 In	 Langendorff-perfused	 canine	 hearts,	 areas	 of	 slow	 conduction	 with	

associated	 fractionation	 were	 observed	 during	 pacing	 and	 programmed	 electrical	

stimulation	 at	 the	 PV-LA	 junction	 likely	 attributable	 to	 abrupt	 changes	 in	 fibre	

orientation.47	Further	work	using	optical	mapping	in	isolated	canine	pulmonary	vein	

tissue	 demonstrated	 slowed	 conduction	 in	 the	 proximal	 vein	 relative	 to	 the	 distal	

vein.48	 In	 addition,	 programmed	 atrial	 extra	 stimulus	 resulted	 in	 unidirectional	

conduction	block	and	re-entry	within	the	proximal	pulmonary	veins	in	the	presence	

of	isoproterenol.	Furthermore,	Chou	et	al.	were	able	to	induce	re-entry	by	pacing	at	

the	PV-LA	junction	with	the	location	of	the	re-entry	circuits	related	to	areas	of	abrupt	

change	in	fibre	orientation.49		

	

However,	 studies	 in	 humans	 have	 not	 been	 able	 to	 demonstrate	 the	 presence	 of	

pulmonary	vein	re-entry	as	convincingly	as	animal	models.	Using	a	multi-electrode	

basket	catheter,	Kumagai	et	al.	evaluated	pulmonary	vein	activation	patterns	during	

pacing.50	They	observed	the	presence	of	anisotropic	conduction	with	the	conduction	

delay	longer	when	pacing	from	the	PV-LA	junction	to	the	distal	pulmonary	veins	than	

in	the	opposite	direction.	They	also	noted	that	the	effective	refractory	period	(ERP)	in	

the	distal	pulmonary	veins	was	shorter	than	the	PV-LA	junction.	During	initiation	of	

AF,	 rapid	 repetitive	 focal	 firings	 encountered	 areas	 of	 conduction	 block	 and	 the	
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formation	 of	 re-entry	 circuits	 with	 different	 exit	 and	 entry	 sites	 along	 the	 PV-LA	

junction.	However,	sustained	re-entry	circuits	within	the	pulmonary	veins	were	not	

observed.	 	 Furthermore,	 using	 the	multipolar	 basket	 catheter	 to	 record	 activation	

patterns	in	the	pulmonary	veins	and	PV-LA	junction	during	spontaneous	pulmonary	

vein	initiation	of	AF,	Arentz	et	al.	did	not	observe	the	presence	of	pulmonary	vein	re-

entry.51	

	

1.1.4.2	Multiple	Wavelet	Hypothesis	

The	 multiple	 wavelet	 hypothesis	 was	 historically	 the	 most	 widely	 accepted	

mechanism	 for	 AF.	 According	 to	 this	 model,	 AF	 developed	 from	 the	 presence	 of	

multiple	 independent	wavelets	occurring	spontaneously	and	propagating	randomly	

throughout	 the	 atria.52,53	 If	 these	 wavefronts	 encountered	 refractory	 tissue,	 they	

would	divide	into	daughter	wavelets.	These	daughter	wavelets	would	then	randomly	

propagate	 throughout	 the	 atria	until	 they	 encountered	 refractory	 tissue	 and	either	

split	into	new	daughter	wavelets	or	collide	to	extinguish	each	other.	The	number	of	

wavelets	present	depended	on	the	atrial	conduction	velocity,	 refractory	period	and	

excitable	mass.	Perpetuation	of	AF	required	a	critical	number	of	co-existing	wavelets	

and	was	favored	by	slowed	conduction,	shortened	refractory	periods	and	increased	

atrial	mass.			

	

Evidence	supporting	this	theory	came	initially	from	animal	studies	by	Allessie	et	al.	

whom	used	high-density	epicardial	mapping	to	characterize	atrial	activation	patterns	

in	 a	 canine	 model	 of	 acetylcholine	 and	 pacing-induced	 AF.54	 These	 investigators	

demonstrated	the	presence	of	multiple	propagating	wavelets	giving	rise	to	turbulent	

atrial	 activity.	 Subsequent	 work	 in	 human	mapping	 studies	 further	 supported	 the	
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multiple	wavelet	hypothesis.	In	an	epicardial	mapping	study	of	pacing-induced	AF	in	

patients	with	no	prior	history	of	AF	undergoing	surgery	 for	Wolff-Parkinson-White	

syndrome,	 Konings	 et	 al.	 described	 the	 presence	 of	 one	 or	multiple	wavelets	with	

varying	degrees	of	complexity.55	In	addition,	Cox	et	al.	observed	by	mapping	the	atria	

in	patients	with	paroxysmal	AF	undergoing	 surgical	 correction	of	Wolff-Parkinson-

White	 syndrome,	 the	 presence	 of	 multiple	 wavefronts,	 bidirectional	 block,	 non-

uniform	conduction	and	macro-reentrant	 circuits	during	AF.56	 	As	 a	 result	 of	 these	

findings,	this	led	to	the	development	of	the	Cox	Maze	procedure	in	which	systematic	

compartmentalization	 of	 the	 atria	 is	 performed	 in	 order	 to	 prevent	 wavelet	

propagation.57,58	

	

1.1.4.3	Spatial	Temporal	Organization	During	Atrial	Fibrillation		

Recent	studies	involving	both	animal	models	and	humans	have	suggested	that	AF	is	

not	a	random	process	as	described	by	the	multiple	wavelet	hypothesis	but	is	sustained	

by	high	frequency	repetitive	focal	sources	and/or	rotors.	For	example,	in	a	study	using	

optical	 mapping	 and	 spectral	 analysis	 in	 a	 Langendorff-perfused	 ovine	 model	 of	

acetylcholine	 induced	AF,	 spatiotemporal	periodicity	was	observed	 in	60%	of	 right	

atrial	and	all	left	atrial	optical	recordings.59	Since	the	periodic	activity	was	commonly	

observed	outside	the	optical	mapping	field	of	view,	the	underlying	mechanism	was	not	

determined	 in	 most	 cases.	 However,	 in	 several	 examples,	 the	 mechanism	 of	 the	

periodic	 activity	 could	be	 identified	 as	 either	 transient	 or	 continuous	 rotors	 in	 the	

epicardial	layer	as	well	as	the	presence	of	transient	and	sustained	focal	activations.		

	

Subsequent	work	by	these	investigators	using	two-dimensional	(2D)	phase	mapping	

in	 the	 same	 ovine	 model	 identified	 the	 presence	 of	 rotors	 which	 either	 migrated	
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through	 the	 atria	 or	 remained	 stationary.60	 Furthermore,	 they	 observed	 that	 the	

spatial	distribution	of	wavelets	was	non-random,	 the	duration	of	 the	wavelets	was	

short	and	that	the	number	of	wavelets	entering	the	mapped	field	was	greater	than	the	

number	exiting.61	This	observation	was	contrary	to	one	of	 the	key	principles	of	 the	

multiple	wavelet	hypothesis	where	an	equal	or	positive	balance	between	the	number	

of	wavelets	 created	 and	 annihilated	 should	be	present	 so	 that	 a	 critical	 number	of	

wavelets	still	remains.	These	investigators	concluded	that	based	on	the	Langendorff-

perfused	 sheep	heart	model,	multiple	wavelets	 likely	 resulted	 from	 the	breakup	of	

high	 frequency	 organized	 waves	 and	 that	 these	 multiple	 wavelets	 did	 not	 appear	

critical	 in	 the	 maintenance	 of	 AF.	 Instead,	 AF	 was	 sustained	 by	 single	 or	 a	 small	

number	of	stable	rotors	that	generated	these	numerous	wavelets.		

	

Recently,	various	groups	have	demonstrated	the	presence	of	rotors	in	humans	using	

different	mapping	techniques.	Using	2D	phase	mapping	and	the	Constellation	basket	

catheter	 which	 is	 spherically	 shaped	 and	 consists	 of	 8	 splines	 with	 a	 total	 of	 64	

unipoles	or	56	bipoles,	Narayan	et	al.	mapped	the	endocardial	surface	of	the	atria.62	

These	investigators	observed	the	presence	of	stable	rotors	in	a	majority	of	patients.	

The	mean	number	of	sources	in	patients	with	paroxysmal	AF	and	persistent	AF	was	

1.5	±	0.8	and	2.1	±	1.0	respectively.62	Ablation	at	the	center	of	these	rotors	resulted	in	

the	acute	termination	of	AF	in	86%	of	patients63	and	the	long-term	freedom	from	AF	

in	approximately	80%	of	patients.64		

	

These	findings	have	been	reproduced	in	other	laboratories	using	the	same	technique.	

A	multi-center	study	observed	a	mean	of	1.9	±	0.8	focal	sources	and	rotors	per	patient.	

In	all	patients,	ablation	at	the	site	of	the	sources	achieved	the	acute	composite	primary	
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end	point	in	all	patients	of	termination	of	AF	or	cycle	length	prolongation	by	greater	

than	10%.65	In	a	further	multi-center	study	involving	10	institutions,	a	mean	of	2.3	±	

0.9	rotors	or	focal	sources	were	identified	per	patient.	Radiofrequency	ablation	of	all	

sources	followed	by	pulmonary	vein	 isolation	resulted	in	single	procedure	freedom	

from	AF	of	81%	at	greater	than	1	year	follow-up.66			

	

Despite	the	promising	results	from	these	studies,	these	successful	findings	have	not	

been	uniformly	observed.		In	a	multi-center	study	of	patients	with	persistent	and	long-

standing	persistent	AF,	a	mean	of	4	±	1.2	rotors	were	identified	per	patient.67	Acute	

procedural	 success	 was	 defined	 as	 either	 AF	 termination,	 organization	 into	 atrial	

tachycardia	(AT)	or	greater	than	10%	slowing	in	AF	cycle	length	(AFCL).	The	overall	

acute	 success	 rate	 of	 radiofrequency	 ablation	 of	 the	 sources	was	 only	 41%.	 Acute	

termination	of	AF	was	not	achieved	in	any	of	the	patients	studied.	Furthermore,	the	

single	procedure	freedom	from	AT	or	AF	without	AADs	was	only	17%	after	a	mean	5.7	

months	of	follow-up.			In	a	more	recent	analysis,	a	mean	of	1.8	±	0.8	rotors	per	patient	

was	identified.68	Radiofrequency	ablation	of	the	rotors	only	resulted	in	AF	termination	

in	5%.	AF	did	not	organize	into	AT	in	any	of	the	patients	with	radiofrequency	ablation.	

At	a	mean	follow	up	of	16.0	±	10.7	months,	the	freedom	from	AF	recurrence	was	only	

21%.	In	a	 further	study	also	 investigating	 long-term	outcomes,	at	18	±	7	months	of	

follow-up,	the	freedom	from	AF	was	only	37%.69		

	

In	a	more	recent	study	that	also	utilized	the	Constellation	basket	catheter	however	

with	an	activation	based	3D	mapping	 technique,	 the	presence	of	 rotors	 (labeled	as	

rotational	repetitive	activation	patterns)	were	observed	in	patients	with	AF.70	In	this	

technique,	endocardial	recordings	of	AF	were	obtained	from	the	basket	catheter	and	
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analyzed	 off-line	 using	 software	 called	 Cartofinder	 and	 a	 3D	 electroanatomical	

mapping	system	(CARTO).	In	this	study,	rotors	were	observed	in	86%	of	patients	with	

a	mean	 of	 2.9	 rotors	 per	 patient.	 Bi-atrial	mapping	 after	 pulmonary	 vein	 isolation	

revealed	a	45%	reduction	 in	 the	number	of	rotors.	However,	 this	approach	did	not	

directly	target	rotors	with	radiofrequency	ablation.	It	is	envisaged	that	future	studies	

using	this	technology	with	online	analysis	and	radiofrequency	ablation	at	rotor	sites	

may	provide	further	insights	into	the	role	of	rotors	as	drivers	of	AF.	

	

Using	a	different	mapping	approach,	Haissaguerre	et	al.	also	observed	the	presence	of	

rotors	 in	 patients	 with	 AF.71	 They	 used	 a	 non-invasive	 mapping	 technique	 where	

propagation	patterns	were	reconstructed	based	on	the	electrodes	located	on	the	body	

surface	 registered	 relative	 to	 the	 computerized	 tomography	 (CT)	 based	 cardiac	

geometry.		This	study	observed	the	presence	of	driver	domains	of	which	80.5%	were	

rotors	 and	 the	 remaining	19.5%	were	 focal.	 The	 rotors	were	non-sustained	with	 a	

median	of	2.6	rotations	and	a	mean	duration	of	449	±	89	ms.	Ablation	of	the	drivers	

terminated	 AF	 in	 75%	 of	 patients	 with	 persistent	 AF	 and	 15%	 with	 long-lasting	

persistent	AF.	At	12	months	follow-up,	the	freedom	from	recurrence	of	AF	was	85%.	

However,	this	was	not	significantly	different	from	the	control	group	with	a	freedom	

from	AF	of	87%.		

	

Multiple	 investigators	have	alternatively	mapped	 the	epicardial	 surface	 in	order	 to	

elucidate	 the	 mechanism	 of	 AF.	 	 In	 an	 epicardial	 mapping	 study	 of	 patients	 with	

persistent	AF	undergoing	cardiac	surgery,	a	high	density	128	electrode	plaque	was	

placed	 over	 the	 posterior	 left	 atrial	 wall,	 left	 and	 right	 atrial	 appendage	 and	 the	

junction	of	the	right	superior	pulmonary	vein	and	LA.72	10	second	recordings	in	each	
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of	the	18	patients	were	analyzed	off-line.	This	study	found	that	activation	patterns	in	

AF	were	highly	dynamic	and	heterogeneous	characterized	by	the	presence	of	transient	

rotors,	 multiple	 wavefronts	 and	 disorganized	 activity.	 The	 predominant	 activation	

patterns	observed	were	multiple	wavefronts	(56.2	±	32.0%)	and	disorganized	activity	

(24.2	 ±	 30.3%).	Overall,	 of	 the	 2904	 activation	 patterns	 analyzed,	 only	 3	 transient	

rotors	were	observed.		

	

More	recently,	prolonged	10	minute	recordings	were	obtained	from	the	posterior	left	

atrial	wall	in	patients	with	AF	using	the	same	high	density	epicardial	plaque.73	Over	

the	10	minute	recording,	six	discrete	10	second	segments	were	analyzed.	This	study	

also	 observed	 heterogeneous	 patterns	 of	 atrial	 activation	 consisting	 of	 multiple	

unstable	 wavefronts,	 disorganized	 activity,	 unstable	 rotors	 and	 focal	 activity.	

Transient	rotors	were	observed	in	12%	of	the	total	number	of	atrial	activations.	The	

mean	 number	 of	 rotations	 was	 7	 ±	 15.	 This	 study	 found	 that	 the	 distribution	 of	

activation	 patterns	 and	 wavefront	 directionality	 were	 stable	 over	 time,	 with	 the	

dominant	activation	pattern	recurring	across	all	 six	10	second	segments	 in	62%	of	

mapped	regions.	

	

Alternatively,	 a	 recent	 high-density	 epicardial	 mapping	 study	 reported	 that	 focal	

sources	maintained	AF.74	In	this	study,	epicardial	mapping	of	both	atria	using	a	512	

electrode	plaque	was	performed	in	12	patients	with	either	persistent	or	long-standing	

persistent	AF	undergoing	cardiac	surgery.	32	second	recordings	were	obtained	in	each	

patient	and	activation	maps	were	generated	and	analyzed	off-line.		This	study	found	

that	 a	mean	of	 2.7	 ±	 0.8	 foci	were	present	 in	 11/12	patients.	 The	 foci	were	 either	

sustained	 or	 intermittent.	 	 In	 one	 patient,	 foci	 were	 not	 observed,	 however	
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breakthrough	 sites	 were	 found.	 All	 wavefronts	 emanated	 from	 foci	 and/or	

breakthrough	sites.	Re-entry	was	not	observed.	The	authors	concluded	that	persistent	

and	long-standing	persistent	AF	were	maintained	by	wavefronts	arising	from	foci	and	

that	these	foci,	likely	acted	as	drivers.		

	

1.1.4.4	Endocardial-Epicardial	Dissociation	

Most	studies	investigating	the	mechanisms	of	AF	have	assumed	that	the	relatively	thin	

atrial	 wall	 essentially	 behaves	 electrophysiology	 as	 a	 2D	 sheet	 where	 epicardial	

activation	 is	 synchronous	 with	 endocardial	 activation	 and	 have	 therefore	mapped	

either	 the	 epicardial	 or	 endocardial	 surfaces.	 However,	 the	 atria	 are	 complex	 3D	

structures	with	large	variability	in	fibre	architecture	and	regions	of	fibrosis.	This	led	

to	 the	 notion	 of	 endocardial-epicardial	 dissociation	 whereby	 the	 atrial	 walls,	

particularly	 in	 the	 setting	of	atrial	 structural	 remodeling,	behave	as	a	3D	substrate	

with	loss	of	synchrony	between	the	epicardial	and	endocardial	surfaces.			

	

This	 concept	was	 investigated	 by	 Schuessler	 et	 al.	 whom	 performed	 simultaneous	

mapping	 of	 the	 epicardial	 and	 endocardial	 surfaces	 of	 the	 canine	 right	 atrium.	 75	

Endocardial-epicardial	dissociation	was	observed	during	both	sinus	rhythm	and	with	

pacing.	 The	 largest	 differences	 in	 activation	 times	 between	 the	 epicardium	 and	

endocardium	 were	 associated	 with	 those	 regions	 of	 the	 atrium	 where	 pectinate	

muscles	ran	below	the	epicardial	surface.	The	pectinate	muscles	in	those	areas	were	

often	 discontinuous	 with	 the	 epicardial	 surface	 and	 facilitated	 the	 discordant	

epicardial-endocardial	activation.	However,	the	discordant	activation	was	also	found	

in	regions	where	the	atrial	wall	thickness	was	<0.5	mm	and	correlated	with	transmural	

differences	 in	 fiber	 orientation.	 Furthermore,	 in	 this	 model,	 a	 tachyarrhythmia	
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induced	in	the	presence	of	acetylcholine	was	shown	to	have	a	reentrant	loop	that	used	

free	 running	 muscle	 bundles	 connecting	 the	 epicardial	 and	 endocardial	 surfaces,	

resulting	 in	 a	 complex	 3D	 pathway.	 Similarly,	 in	 a	 study	 using	 a	 porcine	 model,	

Michowitz	et	al.	observed	the	presence	of	endocardial-epicardial	dissociation	during	

induced	AF.76	These	investigators	also	observed	differences	in	the	electrophysiological	

properties	of	the	epicardium	and	the	endocardium	with	the	atrial	ERP	shorter	in	the	

epicardium	compared	with	the	endocardium.	

	

More	 recently,	 Eckstein	 et	 al.	 performed	 simultaneous	 epicardial	 and	 endocardial	

mapping	of	the	left	atrial	free	wall	in	goats	with	acute	AF,	3	weeks	and	6	months	of	

AF.77	 These	 investigators	 observed	 that	 with	 increasing	 duration	 of	 AF,	 there	was	

greater	incidence	of	breakthroughs	explained	in	the	majority	of	cases	by	transmural	

conduction.	 In	 a	 further	 analysis	 of	 the	 data,	 these	 investigators	 also	 observed	

dissociation	of	electrical	activity	between	the	epicardial	and	endocardial	layers	during	

AF	which	was	more	pronounced	with	increasing	duration	of	AF.78	In	an	extension	of	

this	work	by	Eckstein	et	al.,	Maesen	et	al.	studied	propagation	patterns	in	goats	with	

either	acute	or	persistent	AF.79	They	mapped	the	epicardial	surface	of	the	atrium	and	

correlated	propagation	patterns	with	 fiber	orientation	on	MRI	of	 the	 excised	 atrial	

segment.	They	observed	that	after	months	of	AF,	differences	in	endocardial-epicardial	

bundle	direction	increased.	In	non-remodelled	atria,	epicardially	recorded	fibrillation	

waves	propagated	most	rapidly	along	the	direction	of	endocardial	bundles,	with	little	

influence	of	epicardial	fiber	orientation.	In	structurally	remodelled	atria,	epicardially	

recorded	 fibrillation	 waves	 conducted	 fastest	 along	 epicardial	 fibres.	 The	 authors	

hypothesised	 that	 this	 was	 due	 to	 endocardial-epicardial	 dissociation	 of	 electrical	

activity	and	3D	conduction	during	AF.	
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Whether	endocardial-epicardial	dissociation	occurs	in	the	human	atria	is	unclear.	In	

an	epicardial	mapping	study	of	patients	with	long-standing	persistent	AF,	Allessie	and	

co-workers	observed	 longitudinal	dissociation	of	muscle	bundles	within	 the	atrium	

presumably	 as	 a	 result	 of	 extensive	 atrial	 remodeling	 and	 the	 development	 of	

fibrosis.80	This	facilitated	the	presence	of	many	activation	wavefronts	defined	by	the	

presence	of	 these	 individualized	muscle	bundles.	These	 investigators	also	observed	

focal	atrial	activations	which	they	hypothesized	were	due	to	epicardial	breakthrough	

from	endocardial	sources	rather	than	arising	directly	from	the	epicardium.81	Such	an	

electrophysiological	 phenomenon	 could	 only	 be	 possible	 in	 the	 presence	 of	

dissociation	between	epicardial	and	endocardial	atrial	muscle	bundles.	Allessie	et	al.	

postulated	that	this	resulted	in	atrial	activation	propagating	back	and	forth	between	

the	endocardial	 and	epicardial	 surfaces	and	 together	with	 longitudinal	dissociation	

sustained	the	atrial	arrhythmia.		

	

More	recent	work	has	further	supported	a	role	for	endocardial-epicardial	dissociation	

in	 the	maintenance	of	human	persistent	AF.	 In	a	 study	 involving	patients	with	and	

without	a	prior	history	of	AF	undergoing	cardiac	surgery,	de	Groot	et	al.	performed	

simultaneous	mapping	of	the	endocardial	and	epicardial	surfaces	of	the	right	atrium.82	

These	 investigators	 observed	 asynchronous	 activation	 of	 the	 epicardial	 and	

endocardial	surfaces	as	well	as	the	presence	of	focal	fibrillation	waves	that	could	be	

explained	by	endocardial-epicardial	excitation	in	the	majority	of	cases.	Moreover,	in	a	

study	 of	 ex	 vivo	 human	 hearts	 using	 optical	 mapping,	 endocardial-epicardial	

dissociation	 was	 observed	 during	 pacing	 and	 sustained	 AF.83	 The	 differences	 in	

activation	 between	 the	 endocardium	 and	 epicardium	 appeared	 to	 be	 driven	 by	
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intramural	 re-entry	 facilitated	 by	 the	 complex	 transmural	 microstructure	 of	 the	

human	 atrial	wall.	 The	 intra-mural	 reentry	 appeared	 to	 be	 anchored	 to	 regions	 of	

highly	 fibrosis-insulated	 and	 twisted	 intramural	 atrial	 bundles.	 Ablation	 of	 these	

micro-anatomic	 tracks	 of	 reentry	 successfully	 disrupted	 AF	 and	 prevented	 its	 re-

induction.	Based	on	these	findings,	the	authors	concluded	that	the	3D	architecture	of	

the	 atria	 plays	 a	 critical	 role	 in	 the	 maintenance	 of	 AF	 and	 causes	 significant	

differences	between	endocardial	and	epicardial	activation.		

	

1.1.4.5	Complex	Fractionated	Atrial	Electrograms		

The	role	of	complex	fractionated	atrial	electrograms	(CFAEs)	in	the	maintenance	of	AF	

and	 as	 ablation	 targets	 has	 been	 the	 subject	 of	 ongoing	debate.	 	 In	 general,	 CFAEs	

represent	regions	of	the	myocardium	with	disorganized	myocardial	fibres	that	result	

in	 slowed	conduction	and	anisotropy.84,85	CFAE	can	be	 fixed	and	due	 to	anatomical	

barriers	such	as	scar	or	they	can	be	functional	and	related	to	changes	in	wavefront	

propagation	throughout	the	myocardium.		

	

It	 has	 been	 postulated	 that	 sites	 of	 CFAEs	 are	 crucial	 in	 maintaining	 AF	 and	

radiofrequency	ablation	of	CFAEs	 can	 terminate	AF	and	prevent	 its	 recurrence.	An	

early	 study	 involving	 patients	 with	 paroxysmal	 and	 persistent	 AF	 evaluated	 this	

hypothesis	by	performing	radiofrequency	ablation	of	CFAEs	alone	without	standard	

pulmonary	vein	isolation.86	This	study	reported	the	acute	termination	of	AF	in	95%	of	

patients	with	 this	 approach	 and	 freedom	 from	AF	 recurrence	 at	 one	 year	 of	 76%.		

However,	 an	 important	 limitation	of	 this	 study	was	 that	 since	 the	CFAE	 sites	were	

located	 in	 close	 proximity	 to	 the	 pulmonary	 veins,	 ablation	 of	 CFAEs	 may	 have	

coincidentally	isolated	the	pulmonary	veins.		
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Subsequent	 studies	 of	 CFAE	 ablation	 without	 pulmonary	 vein	 isolation	 have	 not	

observed	the	success	rates	reported	in	this	initial	study.	 	For	example,	 in	a	study	of	

patients	 with	 persistent	 AF,	 patients	 who	 underwent	 CFAE	 ablation	 alone	 had	 a	

recurrence	of	AF	of	41%	at	a	mean	follow-up	of	13	months	compared	with	only	9%	in	

patients	who	underwent	CFAE	ablation	with	pulmonary	vein	isolation.87	Furthermore,	

in	 a	 study	where	 patients	with	 paroxysmal	 AF	were	 randomized	 to	 CFAE	 ablation	

alone,	 pulmonary	 vein	 isolation	 alone,	 or	 CFAE	 and	 pulmonary	 vein	 isolation,	 the	

freedom	from	AF	in	patents	with	CFAE	ablation	alone	was	only	23%	compared	with	

89%	 for	 pulmonary	 vein	 isolation	 alone,	 and	 91%	 for	 CFAE	 and	 pulmonary	 vein	

isolation.88			

	

Moreover,	in	the	STAR-AF	(Substrate	and	Trigger	Ablation	for	Reduction	of	AF)	trial,	

patients	with	 high	 burden	 paroxysmal	 or	 persistent	 AF	were	 randomized	 to	 CFAE	

ablation	alone,	pulmonary	vein	isolation	alone,	or	pulmonary	vein	isolation	and	CFAE	

ablation.89	At	one	year	follow-up,	the	freedom	from	AF	was	only	29%	with	CFAE	alone,	

48%	with	pulmonary	vein	isolation	alone,	and	74%	with	pulmonary	vein	isolation	and	

CFAE.	 However,	 when	 patients	 with	 paroxysmal	 and	 persistent	 AF	 were	 analyzed	

separately,	the	improvement	in	freedom	from	AF	with	the	combination	of	pulmonary	

vein	isolation	and	CFAE	ablation	compared	with	pulmonary	vein	isolation	alone	was	

only	present	in	persistent	AF	patients.		

	

This	led	to	the	STAR-AF	2	trial	which	randomized	persistent	AF	patients	to	pulmonary	

vein	isolation	alone,	pulmonary	vein	isolation	and	linear	ablation,	or	pulmonary	vein	

isolation	and	CFAE	ablation.90	After	a	follow-up	period	of	18	months,	the	freedom	from	
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AF	was	59%	in	patients	treated	with	pulmonary	vein	isolation	alone,	compared	with	

49%	with	pulmonary	vein	isolation	and	CFAE	ablation,	and	46%	with	pulmonary	vein	

isolation	and	linear	ablation.	On	the	basis	of	the	STAR-AF	2	trial,	the	current	evidence	

supports	the	use	of	pulmonary	vein	isolation	alone	without	CFAE	ablation	in	patients	

with	 persistent	 AF	 especially	 given	 that	 prolonged	 ablation	 can	 result	 in	 longer	

procedure	 duration,	 greater	 radiation	 exposure	 and	 potential	 higher	 complication	

rate.		
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1.1.5	Phase	Mapping	In	Atrial	Fibrillation	

	

Activation	mapping	has	historically	been	the	conventional	technique	in	mapping	AF.55	

In	 activation	 mapping,	 a	 specific	 time	 point	 is	 annotated	 on	 the	 electrogram	 as	 a	

marker	of	 local	activation.91	However,	during	AF,	due	 to	 low	amplitude	signals	and	

multiple	sharp	components,	correct	annotation	can	be	difficult.92	Phase	analysis	is	an	

alternative	to	approaches	based	on	activation	times	which	is	increasingly	been	used	

to	study	spatiotemporal	changes	in	activation	during	AF	in	the	clinical	setting.	

	

1.1.5.1	Basic	Principles	Of	Phase	Mapping	

In	 phase	 mapping	 in	 cardiac	 electrophysiology,	 the	 signal	 of	 interest	 is	 the	

electrogram.	 	 There	 are	 3	 parameters	 which	 characterize	 the	 electrogram;	 (i)	

amplitude	 (the	magnitude	 of	 a	 physical	 quantity	measured	 over	 a	 given	 time),	 (ii)	

frequency	(the	repetition	cycle	of	 the	numeric	values)	and	(iii)	phase	(the	different	

stages	within	1	cycle	of	a	signal	divided	into	360°	or	2p	radians).93		

	

Phase	is	a	measure	of	where	a	signal	is	in	its	cycle	of	oscillation	at	a	particular	point	in	

time.94	 In	 phase	 mapping,	 oscillations	 in	 the	 signal	 over	 its	 entire	 duration	 are	

calculated,	 independent	 of	 its	 amplitude.	 Therefore,	 changes	 in	 phase	 in	 space	

provides	 information	 regarding	patterns	of	 organized	activity	 and	 their	 stability	 in	

space	and	time.		

	

The	utility	of	electrogram	amplitude	in	studying	spatiotemporal	activation	patterns	in	

AF	is	limited	due	to	ambiguity	of	data	and	acquisition	artefacts.	In	addition,	although	

frequency	maps	can	be	generated	from	the	electrograms,	since	frequency	is	calculated	
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over	 a	 time	 segment,	 only	 time-averaged	 frequency	 information	 over	 space	 is	

produced	 in	 AF.93	 Therefore,	 these	 maps	 will	 predominantly	 only	 provide	 spatial	

information.	Based	on	these	limitations	of	amplitude	and	frequency,	phase	has	been	

used	to	study	spatial	and	temporal	changes	during	AF.	

	

Phase	analysis	of	activation	during	fibrillation	was	first	described	by	Gray	et	al.	using	

optical	mapping	of	voltage	sensitive	fluorescent	dyes.95		These	investigators	were	able	

to	 demonstrate	 the	 presence	 of	 organized	 rotors	 during	 ventricular	 fibrillation	 in	

rabbit	hearts.	Subsequent	work	by	Chen	et	al.	used	a	similar	method	of	phase	analysis	

and	optical	mapping	 in	 sheep	atria.96	These	authors	observed	 the	presence	of	high	

frequency	 organized	wavefronts.	 Further	 refinements	 of	 this	 technique	 to	 create	 a	

more	mathematically	 robust	 approach	was	 developed	 by	 Bray	 and	Wikswo	whom	

utilized	 the	 Hilbert	 transform	 to	 calculate	 phase	 values.97	 More	 recently,	 phase	

analysis	based	on	the	Hilbert	transform	has	been	used	in	human	studies	to	calculate	

instantaneous	phase	during	AF.62	

	

1.1.5.2	Hilbert	Transform	

Phase	analysis	has	been	reliant	on	the	use	of	the	Hilbert	transform93,98,99,100,101	which	

is	used	to	obtain	an	analytic	representation	of	the	signal	allowing	the	calculation	of	the	

instantaneous	 frequency	 and	 phase.102	 Ventricular	 signals	 lend	 themselves	 to	 the	

Hilbert	transform	because	of	the	sinusoidal	morphology	of	the	signal	and	the	lack	of	

significant	 isoelectric	 signals	 between	 continuous	 deflections.	 In	 contrast,	 atrial	

deflections	 because	 of	 the	 smaller	 volume	 of	 tissue	 are	 characterized	 by	 long	

isoelectric	 intervals	between	deflections	and	as	such	are	more	sensitive	to	noise	as	

even	 small	 amplitude	 variations	 results	 in	 artifacts	 in	 phase	 reconstruction.	 Given	
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these	limitations	Kuklik	et	al.	developed	the	technique	of	Sinusoidal	Recomposition	as	

a	 pre-processing	 step	 before	 the	 Hilbert	 transform	 to	 determine	 instantaneous	

phase.103	

	

1.1.5.3	Sinusoidal	Recomposition		

Since	 the	 sinusoidal	 wavelets	 are	 used	 to	 construct	 the	 transformed	 signals,	 the	

transformation	 is	 termed	 sinusoidal	 recomposition.103	 Sinusoidal	 recomposition	 of	

the	electrograms	can	be	summarized	as	follows	(Figure	1.1):		

	

1. The	transformed	signal	is	the	sum	of	sinusoidal	waves	of	one	period	length	called	

sinusoidal	wavelets.	

2. For	each	time	point	of	the	original	signal,	one	sinusoidal	wavelet	is	created.	

3. The	amplitude	of	the	sinusoidal	wavelet	is	proportional	to	the	slope	of	the	signal	

at	a	given	time	point.	

4. The	period	of	the	sinusoid	is	equal	to	the	mean	cycle	length	of	the	raw	electrogram.		

5. The	 resultant	 “sinusoidal	 recomposed”	 signal	 is	 produced	 by	 summing	 all	 the	

individual	sinusoids	together	to	form	the	final	sinusoidal	wavelet.	

6. The	final	sinusoidal	wavelet	is	then	subjected	to	the	Hilbert	transform.	

	

1.1.5.4	Limitations	Of	Phase	Mapping	

The	animation	of	phase	is	highly	dependent	on	the	interpolation	method	used	to	create	

the	 maps.104	 In	 optical	 mapping,	 due	 to	 high	 spatial	 resolution,	 interpolation	 is	

generally	not	needed.	However,	in	cardiac	mapping	in	humans,	to	overcome	the	issue	

of	poor	 spatial	 resolution,	 interpolation	 is	 required.93	With	 this	method,	 the	 region	

between	 electrodes	 is	 filled	 with	 phase	 values	 that	 have	 been	 interpolated	 from	



	 46	

electrodes	 in	 the	 surrounding	 area.	The	quality	 of	 the	 interpolated	 electrograms	 is	

dependent	on	the	proximity	of	the	actual	electrodes	to	the	interpolated	electrograms.	

The	greater	 the	distance	between	 the	actual	 electrodes,	 the	poorer	 the	quality	 and	

reliability	of	the	interpolated	electrograms	and	therefore,	the	less	accurate	the	phase	

maps.93		

	

In	 addition,	 since	 the	 interpolation	 algorithm	 is	 designed	 to	 show	 predominantly	

rotational	activity,	interpolation	of	phases	may	result	in	an	inherent	bias	of	detecting	

non-existent	rotors.105	Motion	may	also	worsen	the	interpolation	problem.	As	phase	

analysis	reflects	variation	 in	activation	time	rather	than	voltage,	periodic	motion	of	

tissue	 may	 translate	 into	 wavebreak	 and	 lead	 to	 the	 incorrect	 appearance	 of	 re-

entry.105	
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1.1.6	Atrial	Remodeling	

	

1.1.6.1	Electrical	Remodeling	

Electrical	remodeling	refers	 to	electrophysiological	changes	that	develop	during	AF	

and	includes	changes	in	atrial	refractory	period,	conduction	velocity	and	autonomic	

function.		

	

1.1.6.1.1	Alteration	In	Atrial	Refractory	Period	

Animal	 models	 and	 human	 studies	 have	 observed	 alterations	 in	 atrial	 refractory	

period	 during	 AF.	 In	 important	 work	 by	 Wijffels	 and	 colleagues,	 12	 goats	 were	

connected	 to	 a	 specialized	 fibrillation	 pacemaker	 to	 artificially	 maintain	 AF	 by	

delivering	a	premature	atrial	extra	stimulus	whenever	sinus	rhythm	was	sensed.106	

This	study	found	that	in	goats	which	were	initially	in	sinus	rhythm,	induced	AF	only	

lasted	for	a	mean	of	6	±	3	seconds	before	terminating	spontaneously	to	sinus	rhythm.	

However,	in	the	same	goats,	as	the	duration	of	artificially	maintained	AF	increased,	the	

duration	of	subsequently	induced	AF	lengthened.	After	artificially	maintaining	AF	for	

a	mean	of	7	±	5	days,	the	episodes	of	AF	became	sustained	(>	24	hours).	In	addition,	

after	24	hours	of	artificially	maintained	AF,	the	AFCL	shortened	from	145	±	18	ms	to	

108	±	8	ms,	the	atrial	ERP	reduced	from	146	±	19	ms	to	95	±	20	ms	and	the	inducibility	

of	 AF	with	 programmed	 atrial	 extra	 stimuli	 increased.	 	 Similar	 observations	 were	

made	in	a	study	using	a	canine	model	of	rapid	atrial	pacing.107	This	study	reported	a	

significant	 reduction	 in	 atrial	 ERP	 as	 well	 as	 an	 increase	 in	 left	 atrial	 size	 with	

continuous	rapid	atrial	pacing	for	6	weeks.		

	

Human	 studies	 have	 also	 observed	 changes	 in	 atrial	 ERP	 during	 AF.	 In	 a	 study	 of	
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patients	with	paroxysmal	and	persistent	AF,	the	atrial	ERP	was	significantly	lower	in	

AF	 patients	 than	 controls	with	 left	 sided	 accessory	 pathways.108	 Furthermore	 in	 a	

study	of	patients	with	chronic	AF	who	were	cardioverted	to	sinus	rhythm,	atrial	ERP	

was	also	significantly	shorter	in	AF	patients	compared	to	controls.109	

	

However,	alterations	in	atrial	ERP	do	not	appear	to	be	the	only	process	responsible	for	

electrical	remodeling	and	increased	vulnerability	to	AF.	Both	animal	and	human	work	

have	 reported	 that	 changes	 in	 atrial	 refractoriness	 reverses	within	 days	 following	

reversion	 to	 sinus	 rhythm.	 For	 example,	 in	 a	 study	 involving	 goats	 that	 were	

maintained	 in	 AF	 by	 rapid	 atrial	 pacing	 for	 three	 consecutive	 5	 day	 periods,	 each	

separated	by	48	hours	of	sinus	rhythm,	marked	changes	in	atrial	refractoriness	were	

observed.110	However,	this	study	found	that	these	changes	reversed	within	48	hours	

of	 sinus	 rhythm.	 In	 addition,	 there	 was	 no	 additive	 effect	 on	 AF	 inducibility	 with	

repeated	episodes	of	AF.		

	

Furthermore,	 in	 a	 study	 by	 Flynn	 et	 al.	 evaluating	 the	 role	 of	 early	 and	 repeated	

cardioversion	to	maintain	sinus	rhythm,	cardioversion	failed	to	prevent	progression	

to	 further	AF.111	An	alternative	 factor	with	sustained	effect	 is	 therefore	 likely	 to	be	

present	 that	promotes	 the	 further	development	of	AF.	These	 findings	 led	Allessie’s	

group	 to	 propose	 that	 a	 “second	 factor”	 that	 develops	more	 slowly	 is	 likely	 to	 be	

involved	in	atrial	remodeling	which	leads	to	sustained	episodes	of	AF	and	increasing	

resistance	 to	 treatment.110	 Stiles	 et	 al.	 evaluated	 this	 concept	 by	 investigating	 the	

electrophysiological	 characteristics	 of	 patients	 with	 paroxysmal	 AF	 without	

underlying	structural	heart	disease.112	Compared	 to	a	 control	group	with	 left	 sided	

accessory	pathways,	patients	with	paroxysmal	AF	had	marked	atrial	dilatation,	lower	
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bipolar	voltages,	decreased	 intra-atrial	 conduction	velocity,	 sinus	node	dysfunction	

and	 increased	atrial	 refractoriness.	These	authors	postulated	 that	 these	 changes	 in	

atrial	 structure	 and	 conduction	 represented	 the	 “second	 factor”	 that	 leads	 to	 the	

development	and	progression	of	AF.	

	

1.1.6.1.2	Alteration	In	Conduction	Velocity	

Alterations	in	conduction	velocity	appear	to	develop	over	a	longer	time	course	than	

changes	in	atrial	ERP.	In	a	canine	model	of	rapid	atrial	pacing,	the	maximum	reduction	

in	conduction	velocity	occurred	at	42	days	compared	with	7	days	 for	atrial	ERP.113	

There	was	also	a	strong	correlation	between	AF	duration	and	conduction	velocity	(r2	

=	0.86)	whereas	there	was	only	a	modest	correlation	between	AF	duration	and	atrial	

ERP	(r2	=	0.55).	Furthermore,	in	the	previously	mentioned	seminal	work	by	Allessie’s	

group	 in	 goats,	 changes	 in	 conduction	 velocity	 were	 not	 observed	 likely	 because	

pacing	was	limited	to	4	days.110	In	addition,	in	a	study	by	Yu	et	al.	involving	chronic	AF	

patients	 cardioverted	 to	 sinus	 rhythm,	 atrial	 ERP	 and	 conduction	 times	 were	

significantly	reduced	 in	AF	patients	compared	with	controls.114	 Importantly,	4	days	

after	 cardioversion	 to	 sinus	 rhythm,	 atrial	 refractoriness	 gradually	 prolonged	

however	conduction	times	did	not	change.	

	

1.1.6.1.3	Alteration	In	Sinus	Node	Function	

Changes	in	sinus	node	function	have	also	been	observed	during	AF	in	both	animal	and	

human	work.	In	a	canine	model	of	pacing	induced	AF,	corrected	sinus	node	recovery	

time	was	prolonged	after	2	to	6	weeks	of	pacing	induced	AF	compared	with	baseline	

measurements.115	 In	 addition,	 in	 AF	 patients	 undergoing	 cardioversion,	 changes	 in	

sinus	 node	 function	 were	 reported	 to	 be	 present	 for	 at	 least	 an	 hour	 after	
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cardioversion	to	sinus	rhythm	with	reversal	of	changes	over	24	hours.116	Furthermore,	

in	 patients	 with	 documented	 sinus	 pauses	 undergoing	 catheter	 ablation	 for	

paroxysmal	AF,	there	was	marked	improvement	in	corrected	sinus	node	recovery	time	

within	24	months	 of	 ablation.117	These	 changes	 in	 sinus	node	 function	may	not	 be	

unique	to	AF	and	have	been	observed	to	occur	in	atrial	macro-reentry	as	well	as	during	

rapid	atrial	pacing.118,119	

	

1.1.6.1.4	Alteration	In	Autonomic	Function		

Changes	in	autonomic	function	may	also	occur	as	a	result	of	AF.	In	a	canine	model	of	

pacing	 induced	 AF,	 position	 emission	 tomography	 imaging	 of	 the	 atria	 using	

hydroxyepinephrine	was	used	to	identify	sympathetic	nerve	endings.	Compared	with	

controls,	canines	with	pacing	induced	AF	had	greater	sympathetic	innervation	as	well	

as	increased	heterogeneity.120	Furthermore,	in	a	study	of	patients	undergoing	cardiac	

surgery,	 right	 atrial	 appendage	 specimens	 were	 obtained	 in	 12	 patients	 with	 and	

without	AF.	This	study	found	that	the	degree	of	sympathetic	innervation	based	on	the	

amount	of	staining	for	tyrosine	hydroxylase	and	tissue	norepinephrine	was	greater	in	

AF	patients	than	controls.121	

	

1.1.6.2	Atrial	Structural	Remodeling	

The	rapid	resolution	of	changes	in	atrial	refractoriness	with	return	to	sinus	rhythm	

does	 not	 explain	 the	 progressive	 increase	 in	 susceptibility	 to	 AF	 with	 time.	 As	

previously	discussed,	work	from	Allessie’s	group	postulated	that	a	“second	factor”	that	

develops	 more	 slowly	 is	 likely	 to	 contribute	 to	 the	 progression	 of	 AF.110	 Of	 note,	

maximal	reductions	in	conduction	velocity	appear	to	occur	later.	These	investigators	

hypothesized	 that	 atrial	 structural	 remodeling	 in	 the	 form	 of	 tissue	 fibrosis	 and	
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alteration	 in	 fiber	orientation	 impairs	conduction,	 leads	 to	greater	heterogeneity	 in	

conduction	and	inducibility	of	AF.	

	

1.1.6.2.1	Atrial	Fibrosis	

The	 presence	 of	 atrial	 tissue	 fibrosis	 is	 a	 hallmark	 feature	 of	 atrial	 structural	

remodeling	in	AF.	Tissue	fibrosis	occurs	due	to	increased	deposition	of	collagen	in	the	

extracellular	matrix	in	response	to	mechanical	stress	or	injury	resulting	in	interstitial	

expansion.	 Work	 from	 animal	 models	 has	 suggested	 that	 there	 were	 regional	

variations	 in	 tissue	 fibrosis	 with	 the	 atria	more	 susceptible	 than	 the	 ventricles.122	

Furthermore,	 in	 a	 study	using	 a	 canine	model	 found	 that	 atrial	 fibrosis	 resulted	 in	

zones	 of	 slow	 conduction	 as	 well	 as	 heterogeneity	 of	 conduction,	 generating	 the	

substrate	for	AF.123	

	

Human	studies	have	also	demonstrated	an	association	between	atrial	fibrosis	and	AF.	

In	 left	 atrial	 tissue	 samples	 from	 patients	 with	 AF	 undergoing	 cardiac	 surgery,	

concentrations	of	collagen	I	and	collagen	III	were	significantly	greater	than	controls	in	

sinus	rhythm.124	Furthermore,	in	a	study	analyzing	endomysial	biopsies	of	the	right	

atrial	 septum	 in	 patients	 with	 AF	 compared	 to	 Wolff-Parkinson-White	 syndrome	

controls,	abnormal	atrial	histology	was	observed	in	all	patients	with	AF	with	evidence	

of	 fibrosis	 compared	with	normal	biopsies	 in	all	 controls.	 In	addition,	 in	a	 study	of	

explanted	 hearts	 from	 patients	 with	 dilated	 cardiomyopathy	 and	 end-stage	 heart	

failure	 undergoing	 cardiac	 transplantation,	 immunofluorescence	 staining	 of	 the	 LA	

was	performed	in	those	with	permanent	AF,	persistent	AF	and	no	evidence	of	AF,	as	

well	as	controls	without	evidence	of	structural	heart	disease.125	This	study	found	that	

the	type	1	collagen	fraction	volume	was	increased	in	the	permanent	AF	group	followed	
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by	the	persistent	AF	and	no	AF	groups	compared	with	controls.	The	presence	of	atrial	

fibrosis	 has	 also	 been	 observed	 in	 other	 conditions	 associated	 with	 AF	 such	 as	

rheumatic	heart	disease,126	hypertrophic	cardiomyopathy,127	valvular	heart	disease128	

and	advanced	age.129			

	

Tissue	fibrosis	is	thought	to	result	in	abnormal	conduction	by	impairing	inter-myocyte	

coupling.	 At	 a	 cellular	 level,	 tissue	 fibrosis	 impairs	 the	 uniformity	 of	 cell-to-cell	

connections	 leading	 to	 discontinuous	 conduction.130	 Consequently,	 tissue	 fibrosis	

results	in	slowed	conduction	and	anisotropy,	forming	the	basis	of	re-entry.131	

	

However,	 although	 the	 association	 between	 atrial	 fibrosis	 and	AF	 is	 established,	 it	

remains	unclear	whether	atrial	fibrosis	causes	AF.	For	example,	in	patients	undergoing	

cardiac	 surgery,	 the	 development	 of	 post-operative	 AF	 did	 not	 correlate	 with	 the	

degree	of	atrial	fibrosis.132	On	the	other	hand,	medical	management	with	treatments	

that	inhibit	fibrosis	such	as	angiotensin	converting	enzyme	(ACE)	inhibitors	and	fish	

oil	have	been	shown	to	delay	structural	remodeling	and	decrease	stability	of	induced	

AF.133,134	

	

1.1.6.2.2	Connexin	Expression	

Gap	 junctions	 are	 thought	 to	 have	 an	 important	 role	 in	 conduction	 velocity	 and	

homogeneous	conduction	 in	 the	heart.	Connexins	are	transmembrane	proteins	that	

make	up	the	building	blocks	of	gap	junctions.135	There	are	three	main	connexins	which	

are	expressed	 in	 the	heart;	connexin40	(Cx40),	connexin43	(Cx43)	and	connexin45	

(Cx45)	with	the	earlier	two	types	dominant	in	the	atria.135	Work	in	mice	has	suggested	

the	 importance	 of	 Cx40	 in	 conduction.	 In	 this	 study,	 deletion	 of	 Cx40	 gene	 was	
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associated	with	 an	 increase	 in	 P	 wave	 duration	 and	 decrease	 in	 atrial	 conduction	

velocity.136		

	

However,	 in	 the	 setting	 of	 AF,	 animal	 and	 human	 studies	 regarding	 connexin	

expression	have	reported	conflicting	findings.	In	a	canine	study	of	pacing	induced	AF,	

expression	of	Cx43	was	 increased.137	On	 the	other	hand,	 in	 a	 goat	model	 of	pacing	

induced	AF,	there	was	no	change	in	Cx43	expression.138	However,	this	study	found	that	

with	 increasing	duration	of	 the	arrhythmia,	 there	was	greater	heterogeneity	 in	 the	

distribution	of	Cx40.	A	canine	study	of	AF	found	overall	reduced	expressions	of	Cx40	

and	Cx43	with	heterogeneous	distribution.139		

	

Human	 work	 has	 also	 shown	 disparate	 findings	 in	 terms	 of	 Cx40	 expression.	 For	

example,	in	a	study	of	AF	patients	undergoing	the	MAZE	procedure,	Cx40	expression	

was	 reduced	 compared	 to	 non-AF	 controls.140	 However,	 in	 a	 study	 of	 patients	

undergoing	cardiac	surgery,	Cx40	levels	were	elevated	in	right	atrial	tissue	samples	of	

patients	 who	 developed	 post-operative	 AF.141	 Kangaratnam	 et	 al.	 investigated	 the	

relationship	 between	 atrial	 conduction	 and	 connexin	 expression	 by	 performing	

epicardial	 mapping	 of	 the	 right	 atrial	 free	 wall	 in	 patients	 undergoing	 cardiac	

surgery.142	They	reported	an	inverse	relationship	between	atrial	conduction	and	Cx40	

levels.	They	also	observed	an	inverse	relationship	between	atrial	conduction	and	ratio	

of	 Cx40/Cx43	 levels	 indicating	 the	 interplay	 between	 Cx40	 and	 Cx43	may	 lead	 to	

impaired	conduction	in	AF.	
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1.1.6.2.3	Inflammation	

The	role	of	inflammation	in	the	development	of	AF	is	unclear.	In	early	important	work	

by	Frustaci	et	al.,	endomysial	biopsies	of	the	right	atrial	septum	were	obtained	from	

patients	 with	 paroxysmal	 AF	 and	 control	 patients	 with	 Wolff-Parkinson-White	

syndrome.143	 In	 66%	 of	 patients	 with	 AF,	 lymphomononuclear	 infiltrates	 with	

necrosis	 of	 adjacent	myocytes	were	 observed.	 In	 contrast,	 all	 patients	with	Wolff-

Parkinson-White	syndrome	had	normal	biopsies.		

	

Further	evidence	in	support	of	the	association	between	inflammation	and	AF	is	based	

on	measurements	of	inflammatory	markers	in	patients	with	AF.	In	a	study	measuring	

CRP	levels	in	patients	with	AF,	levels	of	CRP	were	greatest	in	patients	with	persistent	

AF	 (0.34	 mg/dL)	 followed	 by	 paroxysmal	 AF	 (0.18	 mg/dL)	 and	 controls	

(0.096mg/dL).144	 A	 further	 study	 also	 showed	 higher	 CRP	 levels	 in	 patients	 with	

paroxysmal	AF	compared	with	controls.	This	study	also	found	that	higher	CRP	levels	

were	 associated	 with	 longer	 duration	 of	 AF	 as	 well	 as	 extend	 of	 structural	

remodeling.145	A	recent	prospective	cohort	study	of	women	without	AF	at	study	entry	

found	 that	 CRP	 predicted	 the	 incidence	 of	 AF	 over	 a	median	 14	 year	 follow-up.146	

Interleukin-6	(IL-6),	a	marker	of	inflammation,	has	also	been	studied	in	AF.	In	a	study	

which	measured	multiple	biomarkers	in	patients	with	known	coronary	artery	disease,	

IL-6	 was	 associated	 with	 AF.	 CRP	was	 not	 found	 to	 be	 associated	 with	 AF	 in	 this	

study.147	

	

Based	on	the	findings	from	these	studies,	the	role	of	statins	in	AF	has	been	evaluated	

given	 their	 anti-inflammatory	 properties	 independent	 of	 their	 lipid	 lowering	

effects.148	A	meta-analysis	observed	that	treatment	with	simvastatin	and	atorvastatin	
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was	associated	with	lower	rates	of	AF.149	This	benefit	was	not	seen	with	pravastatin	

or	rosuvastatin.	In	addition,	atorvastatin	has	been	shown	to	reduce	the	occurrence	of	

post-operative	AF.150		

	

1.1.6.2.4	Oxidative	Stress	

Oxidative	 stress	 involves	 the	 generation	 of	 oxygen	 free	 radicals	 which	 mediate	

multiple	 inflammatory	processes.	 It	 is	postulated	 that	AF	causes	oxidative	stress	 in	

atrial	 tissue	 leading	 to	 structural	 remodeling.	 Increased	 levels	 of	 reactive	 oxygen	

species	 such	 as	 superoxide	 and	 hydrogen	 peroxide	 have	 been	 detected	 in	 atrial	

myocardial	 tissue	 in	 AF	 patients.151	 Furthermore,	 in	 a	 study	 of	 patients	 with	 AF	

undergoing	the	MAZE	procedure,	increased	cardiac	oxidation	of	myofibrillar	proteins	

was	 observed	 in	 atrial	 tissue	 which	 in	 turn	 contributes	 to	 atrial	 structural	

remodeling.152		

	

In	addition,	oxidative	stress	can	cause	damage	to	mitochrondrial	DNA	which	results	in	

calcium	 overload	 by	modulating	 calcium	 handling	 proteins	 or	 channels	 leading	 to	

atrial	 electrical	 remodeling.153	 There	 is	 also	 early	 evidence	 that	 treatment	 with	

antioxidants	such	as	Vitamin	C	may	reduce	post-operative	AF.	In	a	study	evaluating	

the	effect	of	Vitamin	C	on	AF	recurrence	post	cardioversion,	patients	who	received	

Vitamin	C	had	less	recurrence	of	AF	compared	to	controls.154		Used	as	an	anti-oxidant,	

treatment	with	omega-3	fatty	acids	was	initially	shown	to	be	effective	in	preventing	

post-operative	AF.155	However,	subsequent	trials	have	had	conflicting	findings.156,157	

Future	research	in	this	area	may	clarify	the	role	of	oxidative	stress	in	the	pathogenesis	

of	AF.		
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1.1.6.2.5	Renin-Angiotensin-Aldosterone	System	

There	is	evidence	to	support	the	role	of	the	renin-angiotensin	aldosterone	system	in	

the	development	of	AF	via	fibrosis.	Based	on	an	ovine	model	of	atrial	pacing	for	15	

weeks,	 levels	of	 angiotensin	 II	 increased	 rapidly	 and	 remained	elevated	with	atrial	

pacing	 compared	 with	 baseline	 measurements.158	 Furthermore,	 in	 patients	 with	

chronic	 AF,	 Goette	 et	 al.	 reported	 increased	 expression	 of	 angiotensin	 converting	

enzyme	as	well	as	Erk2.159	Activation	of	Erk2	pathways	is	thought	to	possibly	explain	

the	fibrotic	changes	in	AF	patients.	A	study	by	Kistler	et	al.	evaluating	the	acute	effects	

of	angiotensin	II	in	patients	undergoing	electrophysiology	study	for	supraventricular	

tachycardia	found	no	significant	difference	in	atrial	refractoriness	or	atrial	conduction	

with	 infusion	of	 angiotensin	 II.160	These	 findings	 suggested	 that	 angiotensin	 II	was	

unlikely	to	be	involved	in	the	mechanism	of	acute	electrical	remodeling.		

	

Further	evidence	for	the	role	of	the	renin-angiotensin	system	in	AF	is	derived	from	

studies	 using	 ACE	 inhibitors	 and	 angiotensin	 receptor	 blockers	 (ARB).	 In	 a	 meta-

analysis	of	randomized	control	trials	using	ACE	inhibitors	and	ARBs,	the	use	of	these	

agents	resulted	in	a	relative	risk	reduction	of	AF	by	28%	in	patients	with	heart	failure	

and	hypertension.161	

	

1.1.6.2.6	Endothelial	Dysfunction	

AF	has	been	 shown	 to	be	associated	with	endothelial	dysfunction.	 In	patients	with	

paroxysmal	 AF,	 levels	 of	 Von	 Willebrand	 factor	 (vWF)	 and	 fibrinogen	 which	 are	

markers	 of	 endothelial	 dysfunction	 were	 found	 to	 be	 elevated.162	 Furthermore,	 in	

persistent	AF	patients,	levels	of	vWF	and	fibrinogen	remained	elevated	at	3	months	

despite	restoration	of	sinus	rhythm	and	return	to	normal	left	atrial	systolic	function.162			
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1.1.6.3	Mechanical	Remodeling	

The	duration	of	atrial	mechanical	dysfunction	 following	cardioversion	 is	associated	

with	 the	 duration	 of	 AF.	 In	 an	 early	 study	 by	 Manning	 et	 al.	 using	 Doppler	

echocardiography	in	patients	with	brief	episodes	of	AF	(£	2	weeks),	atrial	mechanical	

dysfunction	 returned	 within	 24	 hours.163	 However,	 in	 patients	 with	 prolonged	

episodes	 greater	 than	 6	 weeks,	 atrial	 mechanical	 function	 recovered	 within	 one	

month.	 	Furthermore,	a	study	by	Sparks	et	al.	which	evaluated	left	atrial	appendage	

(LAA)	 velocities	 in	 patients	with	 induced	 AF	 of	 brief	 duration	 (<20min),	 found	 no	

significant	difference	in	LAA	velocities	immediately,	5	min	and	10	min	after	reversion	

to	sinus	rhythm	compared	with	pre-AF	measurements.164	

	

Atrial	mechanical	dysfunction	has	been	observed	following	all	modes	of	cardioversion	

(spontaneous,	pharmacological	and	electrical).	In	a	case	series	of	patients	who	were	

spontaneously	 cardioverted	 to	 sinus	 rhythm	 during	 transesophageal	

echocardiography	(TEE)	prior	to	planned	electrical	cardioversion,	LAA	Doppler	flow	

velocities	were	 lower	after	cardioversion	 to	sinus	rhythm	than	during	AF.165	These	

investigators	found	no	significant	difference	in	LAA	velocities	pre-AF	and	immediately	

post	 reversion	 in	 patients	 reverted	 with	 electrical	 cardioversion	 compared	 with	

spontaneous	 reversion.	 In	 addition,	 in	 a	 study	 by	 Harjai	 et	 al.,	 mechanical	 atrial	

dysfunction	 was	 observed	 in	 all	 three	 modes	 of	 cardioversion	 (spontaneous,	

pharmacological	and	electrical).166	

	

The	 mechanism	 of	 atrial	 mechanism	 dysfunction	 is	 poorly	 understood,	 possibly	

related	 to	 altered	 calcium	handling	 and	 calcium	overload.	Using	 a	 canine	model	 of	

rapid	atrial	pacing,	Sun	et	al.	observed	 that	sustained	atrial	 tachycardia	resulted	 in	
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reductions	 in	 cellular	 contractility	 by	 impairing	 calcium	 handling.167	 In	 addition,	

Daoud	et	al.	observed	 that	 in	patients	with	 induced	AF	pre-treated	with	verapamil,	

atrial	mechanical	dysfunction	was	attenuated	by	verapamil	compared	with	controls,	

possibly	due	to	cellular	calcium	overload.168	Leistad	et	al.	observed	similar	findings	of	

reduced	 atrial	 contractile	 dysfunction	 with	 verapamil.169	 Other	 studies	 have	

postulated	 that	 downregulation	 of	 ICAL	 may	 contribute	 to	 atrial	 dysfunction.	

Downregulation	 of	 ICAL	 leads	 to	 reduced	 influx	 of	 calcium	and	 shortening	 of	 action	

potential	duration	leading	to	impaired	contractility.170,171	
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1.1.7	Risk	Factors	Associated	With	Atrial	Fibrillation	

	

1.1.7.1	Non-Modifiable	Risk	Factors	

	

1.1.7.1.1	Aging	

The	prevalence	of	AF	increases	with	advancing	age.	In	an	important	study	by	Kistler	

et	 al,	 the	 electrophysiological	 changes	 associated	 with	 age	 were	 characterized.172	

These	 investigators	observed	that	patients	greater	 than	60	years	old	had	 increased	

atrial	 ERP,	 diffuse	 areas	 of	 low	 voltage	 and	 conduction	 slowing	 and	 sinus	 node	

dysfunction	compared	with	patients	 less	 than	60	years	old.	The	authors	postulated	

that	these	structural	and	electrical	changes	may	explain	the	increased	susceptibility	to	

AF	with	age.	 In	addition,	Centurio	et	al.	 reported	 that	patients	with	paroxysmal	AF	

greater	than	60	years	old	had	a	greater	percentage	of	fractionated	electrograms	than	

patients	 less	 than	 60	 years	 old.173	 Furthermore,	 Sakabe	 et	 al.	 also	 showed	 that	 in	

patients	without	a	history	of	AF	that	aging	was	associated	with	greater	percentage	of	

fractionated	electrograms	and	increased	atrial	ERP.174	

	

1.1.7.1.2	Heart	Failure	

Heart	failure	and	AF	commonly	co-exist	and	both	can	facilitate	the	other.	AF	can	lead	

to	 the	 development	 of	 heart	 failure	 through	 multiple	 mechanisms.	 The	 irregular	

ventricular	 response	 in	 AF	 results	 in	 a	 25%	 reduction	 in	 cardiac	 output.175,176	

Furthermore,	 this	 reduced	 cardiac	 output	 leads	 to	 increasing	 sympathetic	 activity	

contributing	 to	 the	neurohormonal	excess	 in	heart	 failure.177,178	 In	addition,	AF	can	

lead	 to	 tachycardia-induced	 cardiomyopathy	with	 evidence	 of	 improvement	 in	 left	

ventricular	function	after	successful	ablation.179,180		
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On	the	other	hand,	heart	failure	can	contribute	to	the	development	of	AF.	In	a	study	of	

patients	with	 congestive	 heart	 failure,	 Sanders	 et	 al.	 observed	 that	 compared	with	

controls,	 heart	 failure	 patients	 had	 evidence	 of	 left	 atrial	 enlargement,	 reduced	

conduction	 time,	 greater	 areas	 of	 scar	 and	 propensity	 for	 AF.181	 In	 addition,	 the	

neurohormonal	excess	observed	in	heart	failure	is	thought	to	 lead	to	atrial	 fibrosis,	

contributing	to	structural	remodeling	of	the	atria	and	the	substrate	leading	to	AF.	

	

There	 is	debate	regarding	whether	 the	presence	of	AF	 in	heart	 failure	represents	a	

more	advanced	form	of	heart	failure	or	whether	it	 is	an	independent	risk	factor	for	

mortality.	A	meta-analysis	of	both	randomized	and	observational	HF	trials	reported	

that	 the	 presence	 of	 AF	 was	 only	 associated	 with	 a	 mild	 adverse	 effect	 on	 total	

mortality	with	an	odds	ratio	of	1.40.182	However,	more	recent	work	appears	to	more	

clearly	 demonstrate	 the	 negative	 effect	 of	 AF	 on	 mortality	 in	 patients	 with	 heart	

failure.	 In	a	 study	of	over	1600	patients	with	HF,	 those	with	AF	had	a	 significantly	

greater	risk	of	all	cause	mortality	than	patients	without	AF.183	Moreover,	in	a	recent	

analysis	of	the	Framingham	cohort	by	Santhanakrishnan	et	al.,	the	development	of	AF	

in	heart	failure	patients	(reduced	EF	or	preserved	EF)	was	associated	with	greater	all-

cause	mortality	than	those	without	heart	failure.184	

	

1.1.7.1.3	Mitral	Regurgitation	

The	presence	of	mitral	regurgitation	has	been	shown	to	be	an	independent	risk	factor	

for	AF.185	 In	 a	 canine	model	 of	 chronic	 atrial	 dilatation	due	 to	mitral	 regurgitation,	

Verheule	et	al.	observed	 that	canines	with	mitral	 regurgitation	had	evidence	of	 left	

atrial	 enlargement,	 increased	atrial	ERP	and	 increased	 inducibility	of	AF	compared	

with	normal	controls.186	In	an	epicardial	mapping	study	of	the	posterior	LA	in	patients	
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undergoing	 cardiac	 surgery	 by	 Roberts-Thompson	 et	 al.,	 patients	 with	 mitral	

regurgitation	 and	 AF	 had	 greater	 extent	 of	 conduction	 delay	 and	 heterogeneity	 of	

conduction	compared	with	patients	in	sinus	rhythm	with	mitral	regurgitation	as	well	

as	those	in	sinus	rhythm	with	normal	left	ventricular	function.187	

	

1.1.7.1.4	Mitral	Stenosis	

An	 important	 study	 by	 John	 et	 al.	 characterized	 the	 atrial	 remodeling	 in	 mitral	

stenosis.	 These	 investigators	 observed	 that	 patients	 with	 severe	 mitral	 stenosis	

undergoing	 balloon	 commissurotomy	 had	 evidence	 of	 LA	 enlargement,	 increased	

atrial	ERP,	reduced	conduction	velocity	and	larger	areas	of	low	voltage	and	scar,	and	

heightened	inducibility	of	AF	compared	with	controls.188	

	

1.1.7.1.5	Atrial	Septal	Defect	

Adults	with	atrial	septal	defects	(ASD)	commonly	develop	late	atrial	arrhythmias.	In	a	

study	 of	 patients	 with	 hemodynamically	 significant	 ASD,	 Morton	 et	 al.	 performed	

detailed	electroanatomical	mapping	of	the	right	atrium.189		Compared	with	controls,	

ASD	 patients	 had	 evidence	 of	 electrical	 remodeling	 with	 increased	 atrial	 ERP,	

conduction	delay	across	the	crista	terminalis	and	evidence	of	sinus	node	dysfunction.	

Subsequent	work	by	the	same	group	performed	3D	electroanatomical	mapping	in	the	

LA.	 Roberts-Thompson	 et	 al.	 observed	 that	 ASD	 patients	 had	 significant	 LA	

enlargement,	 increase	 in	 conduction	 time,	 greater	 number	 of	 double	 potentials	 or	

fractionated	electrograms,	reduced	voltage	and	increased	propensity	for	AF	compared	

with	controls.190	
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1.1.7.2	Modifiable	Risk	Factors	

	

1.1.7.2.1	Hypertension	

Hypertension	 is	 associated	with	 an	 increased	 risk	 of	AF.	 In	 the	 Framingham	Heart	

Study,	 hypertension	 was	 reported	 to	 be	 an	 independent	 risk	 factor	 for	 the	

development	of	AF.185	Furthermore,	Thomas	et	al.	showed	that	among	patients	treated	

for	hypertension,	poorly	controlled	blood	pressure	was	associated	with	an	increased	

risk	of	AF.191	Of	note,	a	 large	population	based	study	 found	 that	 in	 initially	healthy	

women,	 systolic	 blood	 pressure	 levels	 within	 the	 non-hypertensive	 range	 were	

independently	associated	with	incident	AF.192		

	

Both	 animal	 and	 human	 studies	 have	 shown	 hypertension	 to	 be	 associated	 with	

electrical	and	structural	remodeling	of	the	atria	forming	the	substrate	facilitating	the	

development	of	AF.	In	an	ovine	model,	Lau	et	al.	observed	that	compared	with	controls,	

the	hypertensive	group	had	greater	mean	atrial	ERP,	biatrial	hypertrophy,	left	atrial	

dysfunction,	 conduction	 slowing,	 increased	 interstitial	 fibrosis	 and	 greater	 AF	

inducibility.193	Furthermore,	comparing	hypertensive	patients	with	controls,	Medi	et	

al.	 observed	 that	 hypertension	 was	 associated	 with	 reduced	 conduction	 velocity,	

greater	number	of	areas	of	low	voltage	and	greater	AF	inducibility.194	

	

1.1.7.2.2.	Obesity	

In	recent	years,	the	role	of	obesity	as	a	risk	factor	for	AF	has	become	established.	Initial	

work	 by	Wang	 et	 al.	 as	 part	 of	 the	 Framingham	 Study	 observed	 that	 obesity	 was	

associated	with	 an	 increased	 risk	of	AF.195	 In	 addition,	 the	Danish	Diet	Cancer	 and	

Health	Study	reported	that	obesity	was	an	independent	predictor	of	AF.196	
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Animal	work	has	suggested	that	obesity	leads	to	structural	and	electrical	remodeling	

of	the	atria.	In	a	study	involving	sheep	fed	a	high	calorie	diet	to	evaluate	the	effect	of	

progressive	 weight	 gain	 on	 AF	 substrate,	 increasing	 weight	 was	 significantly	

associated	 with	 increasing	 left	 atrial	 volume	 and	 fibrosis	 as	 well	 as	 a	 decrease	 in	

conduction	velocity	and	 increase	 in	 inducibility	of	AF.197	Further	work	by	the	same	

group	 evaluated	 the	 effects	 of	 sustained	 obesity	 on	 the	 electrophysiological	

parameters	 in	 sheep	 compared	 with	 controls.	 Chronically	 obese	 sheep	 had	 LA	

enlargement,	reduced	atrial	conduction	velocity	and	increased	propensity	for	AF.198	

	

Human	data	 also	 supports	 the	 association	between	obesity	 and	AF.	Obese	patients	

(BMI	³	30)	were	found	to	have	greater	LA	volume,	LA	pressure	and	shorter	atrial	ERP	

than	normal	BMI	patients.199	Furthermore,	a	series	of	studies	have	demonstrated	the	

effect	of	weight	reduction	in	reducing	AF	burden.	In	a	randomized	study	of	overweight	

and	obese	patients	by	Abed	et	al.,	weight	reduction	compared	with	the	control	group	

was	 associated	 with	 reduction	 in	 AF	 symptom	 burden	 scores,	 symptom	 severity	

scores,	number	of	AF	episodes	and	duration	of	AF	episodes.200		

	

Further	work	by	Pathak	et	al.	reported	that	sustained	weight	loss	resulted	in	a	dose-

dependent	 reduction	 in	 AF	 burden	 and	 the	 maintenance	 of	 sinus	 rhythm.201	

Subsequent	 work	 by	 the	 same	 group	 observed	 that	 improvements	 in	

cardiorespiratory	fitness	were	associated	with	significant	reductions	in	AF	burden	and	

symptom	severity	and	augmented	the	beneficial	effects	of	weight	loss.202	Based	on	the	

findings	of	these	key	studies,	Fioravanti	et	al.	performed	a	retrospective	analysis	of	a	

Mediterranean	cohort.	These	investigators	observed	that	weight	gain	during	follow-

up	in	overweight	(BMI	>	25)	patients	was	associated	with	the	greatest	AF	recurrence	
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followed	by	overweight	patients	with	no	change	in	weight,	overweight	patients	with	

weight	reduction,	and	patients	with	BMI	<	25	with	no	change	in	weight.203	

	

1.1.7.2.3	Obstructive	Sleep	Apnoea	

In	recent	years,	emerging	data	has	suggested	a	close	association	between	obstructive	

sleep	apnoea	(OSA)	and	AF.	Gami	et	al.	initially	observed	that	OSA	was	more	prevalent	

in	patients	with	AF	undergoing	cardioversion	than	in	patients	referred	to	a	general	

cardiology	clinic.204	Further	work	by	the	same	group	retrospectively	analyzed	patients	

referred	 for	 diagnostic	 polysomnography.	 In	 this	 analysis,	 in	 patients	 less	 than	 65	

years	old,	the	presence	of	OSA	predicted	the	development	of	AF	and	the	severity	of	

OSA	correlated	with	incident	AF.205	Stevenson	et	al.	compared	OSA	AF	patients	with	

OSA	 controls	 diagnosed	 using	 polysomnogram.	 Significant	 OSA	was	 independently	

associated	with	AF.	In	addition,	the	severity	of	OSA	correlated	with	AF	frequency.206		

	

OSA	has	been	shown	to	be	associated	with	structural	remodeling	of	the	atria.	In	a	study	

of	patients	undergoing	AF	ablation,	compared	with	controls	without	OSA,	OSA	patients	

had	evidence	of	LA	enlargement,	lower	atrial	voltage,	prolonged	conduction	time	and	

greater	number	of	complex	electrograms.207	

	

Given	the	observed	associations	between	OSA	and	AF,	the	impact	of	OSA	treatment	on	

AF	 has	 been	 the	 subject	 of	 ongoing	 research.	 The	 Outcomes	 Registry	 for	 Better	

Informed	Treatment	of	Atrial	Fibrillation	(ORBIT-AF)	included	10,132	patients	with	

AF	 of	 which	 1,841	 had	 OSA.	 In	 this	 study,	 treatment	 with	 continuous	 positive	 air	

pressure	 (CPAP)	 therapy	 was	 found	 to	 significantly	 decrease	 the	 transition	 from	

paroxysmal	to	persistent	AF.208	Furthermore,	in	patients	post	electrical	cardioversion	
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with	OSA,	 treatment	with	CPAP	was	associated	with	greater	 freedom	from	AF	than	

non-CPAP	users.209	In	addition,	the	recurrence	rates	in	OSA	patients	treated	with	CPAP	

was	 not	 significantly	 different	 to	 patients	 without	 OSA.	 In	 patients	 with	 OSA	

undergoing	 catheter	 ablation	 for	 AF,	 compared	 with	 non-CPAP	 users,	 CPAP	 was	

associated	 with	 greater	 freedom	 from	 AF.	 In	 addition,	 there	 was	 no	 significant	

difference	 in	 AF	 recurrence	 between	 CPAP	 users	 with	 OSA	 and	 patients	 without	

OSA.210		

	

1.1.7.2.4	Diabetes	

Diabetes	 is	 associated	 with	 an	 increased	 risk	 of	 AF.	 Based	 on	 an	 analysis	 of	 the	

Framingham	Heart	Study	cohort,	diabetes	was	shown	to	be	independently	associated	

with	 the	 risk	 of	 AF	 on	multivariable	 analysis.185	Furthermore,	 a	meta-analysis	 also	

reported	that	diabetes	was	associated	with	the	subsequent	development	of	AF.211	The	

mechanisms	by	which	diabetes	leads	to	AF	are	unclear.	In	a	study	comparing	type	2	

diabetic	 rats	 with	 controls,	 the	 diabetic	 rats	 had	 evidence	 of	 decreased	 atrial	

conduction	velocity	and	greater	atrial	fibrosis	compared	with	controls.212	More	recent	

work	also	involving	diabetic	rats	has	shown	greater	vulnerability	to	AF	and	increased	

conduction	 slowing	 and	 heterogeneity.213	 	 The	 role	 of	 strict	 glycaemic	 control	 for	

secondary	prevention	of	AF	post	catheter	ablation	is	currently	unclear	with	a	recent	

meta-analysis	 finding	 that	 the	risk	of	AF	recurrence	post	catheter	ablation	was	not	

elevated	in	diabetics.214	

	

1.1.7.2.5	Alcohol	

There	is	increasing	evidence	from	multiple	meta-analyses	that	alcohol	consumption	

contributes	to	the	development	of	AF	in	a	dose	dependent	manner.	In	a	meta-analysis	
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by	Kodama	et	al.,	the	pooled	estimate	of	relative	risk	for	the	highest	category	of	alcohol	

consumption	compared	with	the	lowest	category	was	1.51	(95%	C.I.	1.31	to	1.74).215	

In	 addition,	 a	 linear	 regression	 model	 observed	 an	 increasing	 risk	 of	 AF	 with	

increasing	levels	of	alcohol	consumption.	In	a	more	recent	meta-analysis	by	Larson	et	

al.,	 compared	 with	 non-drinkers,	 a	 dose	 dependent	 relationship	 was	 observed	

between	alcohol	consumption	and	risk	of	AF.216	

	

It	is	thought	that	alcohol	consumption	contributes	to	the	development	of	AF	through	

atrial	electrical	modelling.	In	an	early	study	of	the	acute	effects	of	alcohol	consumption	

compared	 with	 baseline	 measurements	 prior	 to	 alcohol	 ingestion,	 alcohol	

consumption	 prolonged	 atrial	 ERP	 and	 slowed	 intra-atrial	 conduction.217	

Furthermore,	 in	 a	 study	 of	 AF	 patients,	 atrial	 ERP	 was	 significantly	 shorter	 and	

conduction	 velocity	 reduced	 in	 daily	 habitual	 drinkers	 compared	 with	 non-

drinkers.218	
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1.2.	ATRIAL	MACRO-REENTRY	
	

1.2.1	Introduction	

	

Atrial	 macro-reentry	 represents	 a	 heterogeneous	 collection	 of	 arrhythmias	

characterized	by	a	macro-reentrant	circuit	around	a	central	obstacle	which	can	either	

be	a	 functional	 line	of	block	or	a	 fixed	anatomical	 structure.	First	described	over	a	

century	ago,219,	220	our	understanding	and	management	of	this	arrhythmia	has	evolved	

with	advancements	in	technology.	

	

The	 incidence	 of	 cavo-tricuspid	 isthmus	 (CTI)	 dependent	 atrial	 macro-reentry	

increases	with	age,	being	relatively	uncommon	less	than	50	years	old,	but	increases	

thereafter	 particularly	 after	 70	 years	 old	 with	 a	 greater	 incidence	 in	 males	 than	

females.221	 CTI	dependent	 atrial	macro-reentry	 is	 commonly	 associated	with	AF.222	

Atrial	 macro-reentry	 is	 commonly	 observed	 in	 patients	 with	 thyrotoxicosis,223	

tricuspid	 or	 mitral	 valve	 disease,	 chronic	 obstructive	 pulmonary	 disease224	 or	

following	 cardiac	 surgery.225,226,227,228,229	 Patients	 with	 atrial	 macro-reentry	 can	

present	with	a	variety	of	symptoms	including	palpitations,	fatigue,	 lightheadedness,	

chest	 pain	 or	 dyspnea.	 The	 severity	 of	 symptoms	 appears	 to	 be	 related	 to	 the	

ventricular	response	rate	and	underlying	left	ventricular	function.	The	initial	diagnosis	

of	atrial	macro-reentry	is	made	on	the	basis	of	the	ECG	with	the	presence	of	flutter	

waves	with	 a	 continuously	 undulating	 baseline.	 Transthoracic	 echocardiography	 is	

also	performed	in	the	initial	evaluation	to	investigate	for	underlying	structural	heart	

disease.	
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1.2.2	Mechanisms	Of	Atrial	Macro-Reentry	

	

The	first	electrographic	example	of	atrial	flutter	was	recorded	by	Jolly	and	Ritchie	in	

1911.219	However,	 it	was	only	recently	 that	 the	macro-reentrant	mechanism	of	 this	

arrhythmia	was	 established.	 Lewis	 et	 al.	 first	 investigated	 the	mechanism	 of	 atrial	

macro-reentry	and	postulated	that	this	arrhythmia	was	the	result	of	circuit	movement	

in	the	atria.220	Using	a	canine	model	of	rapid	atrial	pacing	induced	atrial	macro-reentry	

and	based	on	epicardial	and	ECG	recordings,	they	observed	activation	sequences	that	

propagated	 in	either	a	 caudo-cranial	or	 cranio-caudal	direction	 in	 the	 right	atrium.	

Based	on	these	observations,	Lewis	et	al.	postulated	that	atrial	macro-reentry	was	due	

to	intra-atrial	circuit	movement	around	the	vena	cavae.	Further	epicardial	work	using	

a	model	of	creating	a	lesion	between	the	vena	cavae	also	suggested	that	atrial	macro-

reentry	was	due	to	re-entry.230		

	

However,	 the	 re-entrant	 mechanism	 of	 atrial	 macro-reentry	 was	 not	 completely	

established	 at	 this	 stage.	 With	 many	 investigators	 postulating	 that	 atrial	 macro-

reentry	was	due	 to	abnormal	automaticity.	For	example,	 in	a	series	of	experiments	

using	aconitine	in	rabbit	atria,	abnormal	automaticity	at	rapid	rates	was	thought	to	

lead	 to	 atrial	macro-reentry	 due	 to	 1:1	 conduction.231,232,	 233,234,235	 	 It	was	 not	 until	

elegant	 studies	 using	 entrainment	 that	 the	 macro-reentrant	 mechanism	 was	

confirmed.	In	an	epicardial	study	involving	30	patients	undergoing	cardiac	surgery,	

Waldo	et	al.	could	demonstrate	transient	entrainment	as	well	as	the	interruption	of	

the	 atrial	 macro-reentrant	 circuit.236	 In	 addition,	 Inoue	 et	 al.	 demonstrated	

entrainment	in	all	cases	and	the	presence	of	an	excitable	gap.237	The	macro-reentrant	

mechanism	of	this	arrhythmia	is	now	universally	accepted.	
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1.2.3	Classification	Of	Atrial	Macro-Reentry	

	

1.2.3.1	Classification	According	To	Mechanism	

The	 term	 atrial	 flutter	 is	 an	 electrocardiographic	 description	 of	 a	 continuously	

undulating	 pattern	 on	 the	 surface	 ECG	 without	 an	 isoelectric	 baseline.	 This	 term	

however	 does	 not	 convey	 the	 underlying	 mechanism	 of	 the	 arrhythmia	 and	 its	

continued	 use	 in	 the	modern	 era	 of	 3D	 electroanatomical	mapping	 and	 ablation	 is	

largely	due	to	historical	 familiarity.	 In	addition,	 focal	atrial	tachycardia,	particularly	

when	rapid	and	in	the	presence	of	significant	structural	heart	disease	or	prior	atrial	

surgery,	may	also	give	an	ECG	appearance	of	continuous	undulation.	A	definition	based	

on	the	macro-reentrant	mechanism	of	these	arrhythmias	is	preferred,238	particularly	

if	an	ablation	strategy	is	planned,	since	it	is	also	unclear	from	the	term	atrial	flutter	

whether	 the	 circuit	 is	 left	 or	 right	 sided	 or	 dependent	 on	 the	 CTI.	 The	 term	 atrial	

macro-reentry	to	convey	mechanism	is	therefore	preferable	over	atrial	flutter.238		

	

1.2.3.1.1	Summary	Of	Classification	

Atrial	macro-reentry	can	be	divided	according	to	whether	or	not	they	are	dependent	

on	the	CTI.	CTI	dependent	atrial	macro-reentry	occurs	in	the	right	atrium	and	includes	

counterclockwise	CTI	dependent	atrial	macro-reentry,	clockwise	CTI	dependent	atrial	

macro-reentry	 and	 lower	 loop	 re-entry.	 Counterclockwise	 and	 clockwise	 CTI	

dependent	atrial	macro-reentry	have	traditionally	been	labeled	as	counterclockwise	

and	clockwise	typical	atrial	flutter	respectively.	In	lower	loop	re-entry,	the	circuit	is	

localised	 to	 the	 lower	right	atrium	and	 is	dependent	on	 the	CTI	with	breakthrough	

across	the	lower	portion	of	the	posterior	line	of	block.239		
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Non-CTI	dependent	atrial	macro-reentry	can	occur	in	either	the	left	or	right	atrium.	

Predicting	non-CTI	dependent	atrial	macro-reentry	before	the	procedure	is	helpful	in	

appropriate	procedural	planning	as	well	as	in	discussing	the	risks	and	success	rates	of	

radiofrequency	ablation	with	the	patient.	Non-CTI	dependent	atrial	macro-reentry	can	

be	classified	into	three	main	categories:	(i)	no	previous	atrial	surgery;	(ii)	prior	cardiac	

surgery	or	 (iii)	prior	AF	ablation.	 In	 the	 first	 group	of	patients	without	prior	atrial	

surgery,	various	circuits	have	been	observed.	In	the	right	atrium,	this	includes	upper	

loop	re-entry	(circuit	around	base	of	SVC	with	breakthrough	across	the	posterior	line	

of	 block)240	 and	 lateral	 wall	 circuits	 (circuit	 involving	 the	 lateral	 wall	 of	 right	

atrium).241	 In	 the	 LA,	 in	 this	 group	 of	 patients	 without	 prior	 atrial	 surgery,	 atrial	

macro-reentry	 usually	 occurs	 in	 the	 context	 of	 underlying	 structural	 heart	 disease	

which	results	in	atrial	dilatation.242	This	type	of	atrial	macro-reentry	commonly	occurs	

around	 the	 mitral	 annulus	 (peri-mitral	 reentry)	 but	 can	 also	 occur	 around	 the	

pulmonary	vein	ostia	or	be	anchored	by	regions	of	scar.242		

	

In	patients	with	prior	cardiac	surgery,	the	presence	of	scar,	suture	lines	or	prosthetic	

material	 can	 form	 the	 basis	 around	 which	 re-entry	 occurs.	 This	 includes	 cardiac	

surgery	 for	 correction	 of	 congenital	 heart	 disease	 (ASD,	 Fontan	 or	 Tetralogy	 of	

Fallot)225,226,227,228	or	acquired	 lesions	 (mitral	 valve	 surgery).229	 In	patients	post	AF	

ablation,	depending	on	the	location	of	the	ablation	lines,	circuits	can	form	around	the	

pulmonary	veins.243	In	cases	of	non-CTI	dependent	atrial	macro-reentry,	namely	in	the	

presence	of	advanced	structural	heart	disease	or	prior	surgery,	multiple	circuits	may	

also	occur.242		
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1.2.3.1.2	ECG	Characteristics	

The	ECG	appearance	of	counterclockwise	CTI	dependent	atrial	macro-reentry	has	a	

stereotypic	morphology	with	little	variation	between	patients.	It	is	characterized	by	

the	 presence	 of	 the	 classical	 “sawtooth”	 pattern	 in	 the	 inferior	 leads.244	 In	 the	

precordial	 leads,	 the	 flutter	 waves	 are	 upright	 transitioning	 to	 inverted	 by	 V6.	 In	

clockwise	CTI	dependent	atrial	macro-reentry,	the	ECG	appearance	is	more	variable.		

The	flutter	waves	are	generally	broadly	positive	with	notching	in	the	inferior	leads.245	

In	the	precordial	leads,	the	flutter	waves	in	V1	are	broadly	negative	and	notched	and	

transition	 to	positive	by	V6.244	The	 flutter	wave	morphology	of	non-CTI	dependent	

atrial	macro-reentry	 is	highly	variable.	 In	 these	cases,	V1	may	aid	 in	distinguishing	

between	left	or	right	sided	atrial	macro-reentry.	A	broad-based	upright	V1	is	highly	

suggestive	 of	 left-sided	 atrial	 macro-reentry.	 On	 the	 other	 hand,	 if	 V1	 is	 deeply	

inverted,	this	 is	highly	predictive	of	right-sided	atrial	macro-reentry.	Ultimately,	3D	

electroanatomical	 mapping	 will	 be	 needed	 to	 determine	 the	 precise	 anatomical	

location	of	the	circuits.	

	

1.2.3.2	CTI	Dependent	Atrial	Macro-Reentry	
	
Counterclockwise	CTI	dependent	 atrial	macro-reentry	 is	 the	most	 common	 type	of	

atrial	macro-reentry.		In	this	arrhythmia,	the	macro-reentrant	circuit	rotates	around	

the	anteriorly	located	tricuspid	annulus	in	a	counterclockwise	direction.246	A	posterior	

line	 of	 block	 between	 the	 superior	 vena	 cava	 (SVC)	 and	 inferior	 vena	 cava	 (IVC)	

prevents	short	circuiting	of	the	active	wavefront.247	In	10%	of	cases,	the	circuit	rotates	

in	a	clockwise	direction.245	The	critical	isthmus	of	these	circuits	is	the	region	between	

IVC	and	inferior	tricuspid	annulus	known	as	the	CTI.	Linear	radiofrequency	ablation	

across	this	isthmus	is	associated	with	high	rates	of	long	term	success	and	safety.2,	248	
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1.2.3.2.1	Importance	Of	The	Posterior	Line	Of	Block	In	CTI	Dependent	Atrial	Macro-

Reentry	

The	 presence	 of	 the	 posterior	 line	 of	 block	 in	 CTI	 dependent	 atrial	macro-reentry	

appears	 critical	 to	 the	 development	 and	 preventing	 the	 short	 circuiting	 of	 the	

arrhythmia.222	Early	work	in	the	absence	of	this	line	of	block	in	normal	canine	atria	

had	 difficulty	 in	 inducing	 atrial	 macro-reentry.220	 Rosenbluth	 and	 Garcia-Ramos	

hypothesized	that	this	was	due	to	the	absence	of	a	stable	 line	of	block	between	the	

vena	cavae.	Subsequently,	by	creating	a	crush	lesion	between	the	vena	cavae	in	canine	

atria,	 these	 investigators	 were	 able	 to	 reliably	 induce	 atrial	 macro-reentry.230	

Subsequent	 studies	 using	 an	 inter-caval	 lesion	 similar	 to	 Rosenbluth	 and	 Garcia-

Ramos	but	with	extension	of	the	lesion	towards	the	right	atrial	appendage	to	create	a	

Y	 lesion	 observed	 that	 as	 a	 result	 of	 these	 boundaries,	 the	 re-entrant	 circuit	 was	

restricted	to	the	tricuspid	annulus	and	protected	from	being	short	circuited.249,250		

	

Further	evidence	 in	 support	of	 the	 importance	of	 the	posterior	 line	of	block	 in	CTI	

dependent	atrial	macro-reentry	comes	from	early	studies	in	patients	with	surgically	

corrected	congenital	heart	disease.251,252	Despite	 the	presence	of	a	 surgical	 incision	

line,	 in	 the	majority	of	patients,	 the	most	common	circuit	was	CTI	dependent	atrial	

macro-reentry	 rather	 than	 incisional	 re-entry.	 Waldo	 et	 al.	 hypothesized	 that	 the	

surgical	incision	creates	a	line	of	fixed	and	in	part	functional	block	between	the	vena	

cavae,	 akin	 to	 the	 earlier	 canine	 studies,	 resulting	 in	 CTI	 dependent	 atrial	 macro-

reentry.253	Furthermore,	in	a	canine	model,	by	using	a	functional	line	of	block	to	extend	

the	fixed	line	of	block	(linear	lesion	on	the	right	atrial	free	wall)	to	the	SVC	and/or	IVC,	

the	re-entrant	circuit	observed	was	CTI	dependent	atrial	macro-reentry	rather	than	

incisional	re-entry.254	
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Although	 these	 elegant	 canine	 studies	 have	 demonstrated	 the	 importance	 of	 the	

posterior	line	of	block	in	CTI	dependent	atrial	macro-reentry,	these	studies	artificially	

created	crush	lesions	between	the	vena	cavae	to	create	a	line	of	block.	In	the	absence	

of	surgically	created	lesions,	it	is	thought	that	short	cycle	length	atrial	activity	due	to	

transitional	AF	results	in	a	functional	line	of	block	between	the	vena	cavae,	leading	to	

unidirectional	block	and	the	transition	to	a	stable	organized	macro-reentrant	circuit.	

Using	a	canine	sterile	pericarditis	model,	Shimizu	et	al.	observed	that	86%	of	episodes	

of	atrial	macro-reentry	were	preceded	by	a	brief	period	of	AF	(mean	1.4	±	0.9	s).255	

These	investigators	also	noted	that	a	short	period	of	induced	AF	(mean	cycle	length	

100	±	7	ms)	by	atrial	pacing	resulted	in	the	development	of	localized	slow	conduction	

between	the	vena	cavae	followed	by	unidirectional	block	and	the	initiation	of	stable	

atrial	 macro-reentry.	 Without	 the	 development	 of	 the	 functional	 line	 of	 block,	 AF	

either	persists	or	reverts	to	sinus	rhythm.	

	

1.2.3.2.2	Barriers	In	CTI	Dependent	Atrial	Macro-Reentry	

Predominantly	based	on	activation	and	entrainment	mapping,	the	components	of	the	

macro-reentrant	 circuit	 in	 CTI	 dependent	 atrial	 macro-reentry	 have	 been	

characterized.	

	

1.2.3.2.2.1	Anterior	Boundary	Of	The	CTI	Dependent	Atrial	Macro-Reentrant	Circuit	

It	is	universally	accepted	that	the	anterior	barrier	of	the	CTI	dependent	atrial	macro-

reentrant	 circuit	 is	 the	 tricuspid	 annulus.	 Initial	work	using	 activation	mapping	by	

Cosio	 et	 al.	 demonstrated	 that	 sequential	 activation	 occurred	 around	 the	 tricuspid	

annulus	 in	 CTI	 dependent	 atrial	 macro-reentry.256	 However,	 since	 sequential	

activation	 timing	 alone	 does	 not	 prove	 whether	 sites	 are	 within	 or	 critical	 to	 the	
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circuit,	Kalman	et	al.	performed	systematic	entrainment	of	multiple	sites	around	the	

tricuspid	 annulus	 in	 addition	 to	 activation	 mapping.246	 This	 study	 observed	 that	

activation	around	the	tricuspid	annulus	accounted	for	100%	of	the	flutter	cycle	length.	

Furthermore,	using	entrainment	mapping,	all	sites	around	the	tricuspid	annulus	were	

found	to	be	within	the	circuit.		

	

1.2.3.2.2.2	Posterior	Boundary	Of	The	CTI	Dependent	Atrial	Macro-Reentrant	Circuit	

The	 location	 of	 the	 posterior	 boundary	 of	 the	 CTI	 dependent	 atrial	macro-reentry	

circuit	has	been	the	subject	of	debate.	A	landmark	study	by	Olgin	et	al.	identified	the	

crista	terminalis	as	the	site	of	the	posterior	line	of	block	in	CTI	dependent	atrial	macro-

reentry.257	Using	 intracardiac	echocardiography	 to	guide	placement	of	a	multipolar	

catheter	 along	 the	 crista	 terminalis,	 these	 investigators	observed	double	potentials	

along	the	length	of	the	crista	terminalis.	In	addition,	activation	mapping	either	side	of	

the	 crista	 terminalis	 demonstrated	 an	 opposite	 activation	 sequence.	 Furthermore,	

using	intracardiac	echocardiography	to	guide	entrainment,	any	site	located	between	

the	tricuspid	annulus	anteriorly	and	the	crista	terminalis	posteriorly	was	within	the	

circuit.	 However,	 entrainment	 at	 sites	 posterior	 to	 the	 crista	 terminalis	 were	 not	

within	the	circuit.	Based	on	this	important	work,	the	crista	terminalis	was	thought	to	

form	the	posterior	boundary	of	the	CTI	dependent	atrial	macro-reentry	circuit.		

	

Subsequent	work	has	investigated	the	conduction	properties	of	the	crista	terminalis.	

In	 a	 study	 involving	 22	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry,	 rate	

dependent	conduction	block	was	observed	across	the	crista	terminalis	in	a	transverse	

direction.258	Conduction	block	was	not	observed	in	sinus	rhythm.	In	a	further	study	

which	performed	atrial	pacing	at	600	ms	and	at	 the	 tachycardia	 cycle	 length	 in	14	
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patients	 with	 CTI	 dependent	 atrial	 macro-reentry,	 conduction	 block	 was	 only	

observed	in	4	patients	at	600	ms.259	However,	atrial	pacing	at	the	tachycardia	cycle	

length	resulted	in	conduction	block	at	the	crista	terminalis	in	all	patients	suggesting	

that	conduction	block	along	the	crista	terminalis	was	functional.		

	

On	the	other	hand,	different	investigators	have	reported	that	the	posterior	line	of	block	

was	 located	 in	 the	 sinus	 venosus	 region	 of	 the	 right	 atrium	 rather	 than	 the	 crista	

terminalis.	In	a	study	by	Friedman	et	al.,	the	location	of	the	posterior	line	of	block	was	

evaluated	 in	 28	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry	 using	 biplane	

fluoroscopy	 and	 intracardiac	 echocardiography.260	 This	 study	 found	 that	 in	 all	

patients,	the	posterior	line	of	block	manifested	by	the	presence	of	double	potentials	

was	located	at	the	posteromedial	(sinus	venosus)	right	atrium.	 	These	investigators	

confirmed	the	location	of	this	 line	of	block	with	intracardiac	echocardiography	in	9	

patients.	 A	 line	 of	 conduction	 block	 was	 not	 observed	 at	 the	 crista	 terminalis.	 In	

addition,	this	study	demonstrated	that	the	line	of	block	was	functional.	

	

Furthermore,	a	different	group	of	investigators	using	intracardiac	echocardiography	

also	reported	that	the	posterior	line	of	block	was	located	in	the	posteromedial	right	

atrium.261	This	study	found	that	in	all	11	patients,	double	potentials	were	recorded	at	

the	posteromedial	right	atrium	and	that	the	catheters	were	located	posterior	to	the	

crista	 terminalis	on	the	basis	of	 intracardiac	echocardiography.	These	 investigators	

also	observed	that	the	posterior	line	of	block	was	functional.	There	is	also	animal	work	

in	support	of	the	posteromedial	right	atrium	as	the	location	of	the	posterior	boundary	

of	CTI	dependent	atrial	macro-reentrant	circuit.	Using	a	swine	model,	rate	dependent	

conduction	block	was	 observed	 at	 the	posteromedial	 (sinus	 venosus)	 right	 atrium.	
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Conduction	block	was	not	seen	at	the	crista	terminalis.262	This	line	of	conduction	block	

was	 tagged	 with	 radiofrequency	 lesions	 which	 on	 post	 mortem	 examination	

corresponded	with	the	sinus	venosus	region.	In	addition,	histological	analysis	found	

this	line	of	block	in	the	sinus	venosus	was	located	at	a	border	zone	with	abrupt	changes	

in	muscle	 fibre	 orientation,	 thickness	 and	 collagen	 content.	 The	 authors	 concluded	

that	 these	 findings	may	provide	 the	basis	 for	 the	 rate	dependent	 conduction	block	

observed	in	humans	during	CTI	dependent	atrial	macro-reentry	at	this	location.		

	

Additionally,	in	a	study	of	autopsied	human	hearts,	Gami	et	al.	observed	a	second	ridge	

which	 these	 authors	 termed	 the	 second	 crista	 terminalis	 in	 approximately	 20%	of	

patients.263	 These	 investigators	 postulated	 that	 the	 second	 crista	 terminalis	 may	

correspond	to	the	posteromedial	line	of	block	observed	by	Friedman	et	al.260	However	

this	study	was	not	restricted	to	patients	with	CTI	dependent	atrial	macro-reentry	and	

no	electrophysiological	studies	were	performed	to	correlate	this	region	of	functional	

block	with	the	anatomical	structure.		

	

1.2.3.2.2.3	The	Role	Of	The	Eustachian	Ridge	In	CTI	Dependent	Atrial	Macro-Reentry		

The	Eustachian	ridge	has	been	demonstrated	to	be	an	 important	site	of	conduction	

block	 in	 CTI	 dependent	 atrial	 macro-reentry.	 Using	 activation	 and	 entrainment	

mapping	 guided	 by	 intracardiac	 echocardiography,	 Olgin	 et	 al.	 showed	 that	 the	

Eustachian	 ridge	 acted	 as	 a	 barrier	 to	 conduction	 in	 CTI	 dependent	 atrial	 macro-

reentry.257	Double	potentials	were	observed	along	the	Eustachian	ridge.	In	addition,	

sites	anterior	to	the	Eustachian	ridge	were	within	the	circuit	on	entrainment	whereas	

sites	posterior	were	outside	the	circuit.	Further	work	by	Nakagawa	et	al.	also	showed	

that	the	Eustachian	ridge	was	a	site	of	conduction	block	in	CTI	dependent	atrial	macro-
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reentry.264	These	investigators	observed	double	potentials	along	the	Eustachian	ridge.	

Nakagawa	et	al.	also	noted	that	the	line	of	conduction	block	along	the	Eustachian	ridge	

extended	to	the	Coronary	Sinus	(CS)	os.	Double	potentials	were	not	recorded	during	

sinus	rhythm.	However,	double	potentials	were	observed	at	pacing	rates	slightly	faster	

than	 sinus	 rhythm	 suggesting	 that	 the	 Eustachian	 ridge	 acts	 as	 a	 fixed	 line	 of	

conduction	block	in	CTI	dependent	atrial	macro-reentry.	

	

1.2.3.2.3	CTI	Conduction	Velocity	In	CTI	Dependent	Atrial	Macro-Reentry	

Although	 there	 is	 universal	 acceptance	 that	 the	 CTI	 is	 the	 target	 site	 for	 catheter	

ablation	 of	 CTI	 dependent	 atrial	macro-reentry,	 there	 is	 ongoing	 debate	 regarding	

whether	there	is	slowed	conduction	in	the	CTI	during	tachycardia.	Early	studies	using	

fluoroscopy	 identified	 the	 CTI	 as	 a	 zone	 of	 slow	 conduction	 in	 patients	 with	 CTI	

dependent	atrial	macro-reentry.		In	a	study	using	activation	mapping	and	rapid	atrial	

pacing,	Olshansky	et	al.	observed	a	zone	of	slow	conduction	in	the	low	right	atrium	in	

six	out	of	ten	patients	studied.265	The	authors	also	noted	that	the	apparent	area	of	slow	

conduction	appeared	to	be	 in	a	similar	 location	in	all	patients	using	fluoroscopy.	 In	

addition,	in	another	early	study	using	incremental	pacing,	conduction	velocity	in	the	

CTI	was	found	to	be	slower	than	the	lateral	wall.266	Other	regions	of	the	right	atrium	

were	not	evaluated	in	this	study.	A	further	important	early	study	observed	that	the	

conduction	velocity	 in	 the	CTI	was	 significantly	 slower	 in	 these	patients	 compared	

with	controls	at	all	pacing	cycle	lengths	(600,	500,	400,	300	ms).	In	addition,	in	CTI	

dependent	atrial	macro-reentry,	conduction	velocity	was	slower	in	the	CTI	compared	

with	the	right	atrial	free	wall	and	inter-atrial	septum.267	
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Subsequent	work	using	both	contact	and	non-contact	3D	mapping	also	suggested	that	

conduction	velocity	 in	 the	CTI	was	 slower	 than	other	 regions	 around	 the	 tricuspid	

annulus.	 In	a	study	of	patients	with	counter-clockwise	CTI	dependent	atrial	macro-

reentry	using	3D	electroanatomical	mapping,	Shah	et	al.	observed	that	the	conduction	

velocity	 in	 the	medial	 isthmus	 (0.6	±	 0.3	m/s)	was	 slower	 than	 other	 limbs	 of	 the	

circuit	(superior	1	±	0.5	m/s,	lateral	1	±	0.5	m/s,	septal	0.9	±	0.4	m/s).268	Schilling	et	

al.	using	non-contact	3D	mapping	in	patients	with	CTI	dependent	atrial	macro-reentry	

observed	that	the	conduction	velocity	was	slower	in	the	CTI	compared	with	either	side	

of	the	crista	terminalis.269	These	investigators	did	not	determine	conduction	velocity	

in	other	regions	around	the	tricuspid	annulus.	In	a	further	study	using	non-contact	3D	

mapping,	Chen	et	al.	observed	two	zones	of	slow	conduction;	septal	CTI	and	lateral	

wall.270	In	counterclockwise	CTI	dependent	atrial	macro-reentry,	conduction	velocity	

was	the	lowest	in	the	septal	CTI,	whereas	in	clockwise	CTI	dependent	atrial	macro-

reentry,	conduction	velocity	was	slowest	in	the	lateral	wall.	

	

Alternatively,	Hassankhani	et	al.	divided	the	tricuspid	annulus	into	eight	segments	and	

observed	that	the	slowest	conduction	velocity	was	at	the	medial	isthmus	and	inferior	

septum.271	Furthermore,	work	by	Latcu	et	al.	demonstrated	that	the	CTI	conduction	

time	during	CTI	dependent	atrial	macro-reentry	represented	42%	of	the	tachycardia	

cycle	length.272	However,	the	most	recent	study	using	3D	mapping	in	CTI	dependent	

atrial	 macro-reentry	 observed	 no	 significant	 difference	 in	 the	 conduction	 velocity	

within	the	CTI	(0.75	±	0.12	m/s)	compared	with	extra-CTI	regions	of	the	circuit	(0.82	

±	0.13	m/s).273		
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1.2.3.2.4	Upper	Turnaround	Point	Of	The	CTI	Dependent	Atrial	Macro-Reentrant	

Circuit	In	Relation	To	SVC	

The	 location	 of	 the	 upper	 turnaround	 point	 of	 the	 CTI	 dependent	 atrial	 macro-

reentrant	 circuit	 in	 relation	 to	 the	 SVC	 remains	 controversial.	 Early	 studies	 using	

fluoroscopy	described	that	the	upper	turnaround	point	was	anterior	to	the	SVC.	For	

example,	using	activation	and	entrainment	mapping,	Arribas	et	al.	reported	that	in	all	

13	 patients	 with	 counterclockwise	 CTI	 dependent	 atrial	 macro-reentry,	 the	

turnaround	point	was	anterior	to	the	SVC.274	In	addition,	also	using	activation	mapping	

and	entrainment,	Tsuchiya	et	al.	observed	that	the	location	of	the	upper	turnaround	

point	was	anterior	to	the	SVC.275	

	

However,	more	recent	studies	have	alternatively	described	the	turnaround	point	to	be	

located	 posterior	 to	 the	 SVC.	 In	 a	 study	 of	 50	 consecutive	 patients	 with	

counterclockwise	CTI	dependent	atrial	macro-reentry,	Maury	et	al.	observed	that	the	

atrial	roof	(between	the	superior	tricuspid	annulus	and	SVC)	was	outside	the	active	

circuit	 in	 a	 third	 of	 patients	 using	 entrainment.276	 Furthermore,	 in	 a	 study	 by	

Fukuzawa	 et	 al.	 using	 3D	 electroanatomical	mapping,	 these	 investigators	 observed	

that	 the	 superior	 turnaround	 point	 was	 located	 posterior	 to	 the	 SVC	 in	 95%	 of	

patients.277	On	the	other	hand,	a	more	recent	study	using	3D	mapping	and	entrainment	

reported	that	the	upper	turnaround	point	was	located	anterior	to	the	SVC	in	95%	of	

cases.278	 In	an	elegant	study	by	Santucci	et	al.,	 these	 investigators	noted	significant	

variability	 in	 the	 location	of	 the	upper	 turnaround	point.279	Using	a	combination	of	

activation	mapping	and	entrainment	to	create	detailed	3D	electroanatomical	maps	of	

post	pacing	intervals,	the	upper	turnaround	point	of	the	CTI	dependent	atrial	macro-

reentrant	circuit	was	confined	to	the	tricuspid	annulus	in	31%,	propagated	posterior	
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to	the	right	atrial	appendage	and	anterior	to	SVC	in	31%,	posterior	to	the	SVC	in	19%	

and	bifurcated	the	SVC	in	4%.	

	

1.2.3.2.5	Catheter	Ablation	Of	CTI	Dependent	Atrial	Macro-Reentry	

Catheter	ablation	is	considered	a	first	line	therapeutic	option	for	patients	with	a	first	

episode	of	CTI	dependent	atrial	macro-reentry.280	Catheter	ablation	for	CTI	dependent	

atrial	macro-reentry	involves	targeting	the	CTI.	Initial	work	by	Cosio	et	al.	reported	

that	radiofrequency	ablation	between	the	IVC	and	TA	interrupted	the	tachycardia	in	

all	patients	due	to	conduction	block.281	Further	work	by	Fischer	et	al.	reported	that	an	

anatomical	 ablation	 line	 between	 the	 tricuspid	 annulus	 and	 IVC	 had	 the	 highest	

success	rate	in	interrupting	the	tachycardia	and	achieving	non-inducibility	compared	

with	ablation	lines	between	the	tricuspid	annulus	and	CS	os,	or	between	the	IVC	and	

CS	os.282		

	

However	 due	 to	 high	 recurrence	 rates	 in	 the	 order	 of	 7-44%	 associated	 with	

radiofrequency	ablation,	Poty	et	al.	proposed	an	alternative	procedural	endpoint	of	

bidirectional	block	rather	than	tachycardia	termination	and	non-inducibility.283	In	a	

study	of	patients	with	CTI	dependent	atrial	macro-reentry,	the	procedural	endpoint	

was	the	demonstration	of	conduction	block	in	the	CTI	by	pacing	from	the	proximal	CS	

and	the	low	lateral	right	atrium.	These	investigators	observed	that	none	of	the	patients	

in	whom	conduction	block	was	achieved	experienced	a	recurrence	at	a	mean	follow	

up	of	9	±	3	months.	Furthermore,	the	sole	patient	in	whom	conduction	block	was	not	

achieved	 experienced	 a	 recurrence.	 Subsequent	 work	 by	 the	 same	 group	 further	

established	 the	 utility	 of	 bidirectional	 block	 as	 a	 procedural	 endpoint	 and	 the	

feasibility	 of	 performing	 radiofrequency	 ablation	 for	 CTI	 dependent	 atrial	 macro-
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reentry	in	sinus	rhythm.284	In	this	study,	Poty	et	al.	showed	that	all	patients	in	whom	

bidirectional	 conduction	 block	 was	 achieved	 did	 not	 experience	 a	 recurrence	 at	 a	

mean	follow	up	of	12.1	±	5	months.	In	the	4	patients	who	experienced	a	recurrence,	

none	 of	 these	 patients	 had	 evidence	 of	 bidirectional	 block	 at	 the	 time	 of	 the	 first	

ablation.	 In	 addition,	 due	 to	 the	 anatomical	 nature	 of	 the	 ablation	 line,	 these	

investigators	demonstrated	that	isthmus	conduction	block	could	be	achieved	in	sinus	

rhythm.		

	

The	role	of	catheter	ablation	as	first	line	therapy	for	symptomatic	CTI	dependent	atrial	

macro-reentry	 was	 established	 in	 a	 randomized	 control	 trial	 by	 Natale	 et	 al.	 who	

compared	catheter	ablation	to	anti-arrhythmics	medications.2	At	a	mean	follow-up	of	

22	 months,	 86%	 of	 patients	 who	 underwent	 catheter	 ablation	 remained	 in	 sinus	

rhythm	 compared	 with	 36%	 treated	 with	 anti-arrhythmic	 medications.	 Catheter	

ablation	for	CTI	dependent	atrial	macro-reentry	has	been	shown	to	be	safe	with	a	low	

incidence	 of	 complications.	 In	 a	 meta-analysis	 by	 Morady	 et	 al.	 involving	

approximately	 7000	 patients	 undergoing	 catheter	 ablation,	 the	 long	 term	 freedom	

from	recurrence	was	97%.248	The	serious	complication	rate	was	0.4%,	predominantly	

due	to	atrioventricular	(AV)	block.	 In	a	more	recent	review	by	Spector	et	al.,	 single	

procedure	efficacy	was	reported	as	92%	and	multi-procedure	efficacy	rate	of	97%.285	

There	 were	 no	 vascular	 access	 complications,	 procedure	 related	 deaths,	 cardiac	

tamponade	or	stroke/TIA.	The	rate	of	AV	block	was	0.4%	and	pericardial	effusion	was	

0.3%.	
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1.2.3.3	Lower	Loop	Re-Entry	

Lower	loop	re-entry	is	an	example	of	a	CTI	dependent	atrial	macro-reentry	involving	

the	lower	right	atrium.	Lower	loop	re-entry	was	first	described	by	Cheng	et	al.	who	

observed	this	arrhythmia	in	a	subset	of	patients	with	counterclockwise	CTI	dependent	

atrial	macro-reentry.239	These	investigators	described	that	during	lower	loop	re-entry	

the	wavefront	rotated	around	the	IVC	transversing	the	CTI	and	activating	the	posterior	

wall	with	breakthrough	across	the	crista	terminalis.	The	cycle	length	of	the	lower	loop	

re-entry	 circuit	was	 found	 to	 be	 shorter	 than	 the	 counterclockwise	 CTI	 dependent	

atrial	macro-reentry	circuit	and	was	associated	with	greater	cycle	length	variation.		

	

The	surface	ECG	appearance	of	 lower	 loop	re-entry	 is	variable.	The	 initial	study	by	

Cheng	et	al.	observed	the	presence	of	negative	flutter	waves	in	the	inferior	leads	in	

clockwise	lower	loop	re-entry.	However	subsequent	work	by	Zhang	et	al.	reported	an	

ECG	 appearance	 consistent	 with	 clockwise	 typical	 atrial	 flutter	 in	 patients	 with	

activation	 and	 entrainment	mapping	 consistent	with	 lower	 loop	 re-entry.286	 These	

investigators	 also	 observed	 the	 presence	 of	 dual	 loop-reentry	 around	 the	 IVC	 and	

tricuspid	 annulus.	 Both	 the	 study	 by	 Cheng	 et	 al.	 and	 this	 study	 demonstrated	 the	

dependence	of	this	arrhythmia	on	the	CTI	with	termination	of	the	tachycardia	with	

radiofrequency	ablation	at	the	CTI	in	all	cases.	

	

1.2.3.4	Upper	Loop	Re-Entry	

Upper	loop	re-entry	is	a	non-CTI	dependent	atrial	macro-reentrant	circuit	involving	

the	upper	portion	of	the	right	atrium	that	rotates	around	the	base	of	the	SVC.	Using	

non-contact	3D	mapping	with	the	balloon	catheter,	Tai	et	al.	delineated	the	upper	loop	

re-entrant	 circuit	 as	 either	 clockwise	or	 counterclockwise	 rotation	 around	 the	 SVC	
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with	conduction	through	a	gap	in	the	crista	terminalis.240	Radiofrequency	ablation	at	

this	site	terminated	the	tachycardia	in	a	majority	of	patients.	There	has	been	a	paucity	

of	subsequent	studies	investigating	upper	loop	re-entry.	A	case	report	using	contact	

3D	mapping	confirmed	these	observations	of	non-contact	3D	mapping	with	evidence	

of	a	 re-entrant	circuit	around	 the	SVC	 that	passed	 through	a	conduction	gap	 in	 the	

crista	terminalis.287	These	investigators	were	also	able	to	terminate	the	tachycardia	

with	 radiofrequency	 ablation	 at	 the	 site	 of	 the	 conduction	 gap.	 In	 a	 case	 report	 by	

Snowdon	et	al.,	upper	loop	re-entry	was	observed	in	a	patient	with	a	prior	history	of	

mitral	valve	repair.288	These	investigators	noted	a	region	of	slow	conduction	with	the	

presence	of	low	amplitude	fractionated	signals	on	the	posterior	aspect	of	the	SVC-RA	

junction.	Catheter	pressure	in	this	area	terminated	the	tachycardia.	This	region	of	slow	

conduction	correlated	with	the	dissection	plain	of	the	prior	atriotomy	incision	through	

the	interatrial	(Waterston’s)	groove.	These	authors	hypothesized	that	damage	of	right	

atrial	 tissue	 by	 dissection	 in	 the	 interatrial	 groove	 may	 have	 contributed	 to	 the	

development	of	upper	loop	re-entry	in	this	case.	

	

1.2.3.5	Lateral	Wall	Circuits	

Lateral	wall	circuits	have	been	reported	to	arise	 in	patients	 in	 the	absence	of	prior	

cardiac	surgery.	In	a	small	series	of	patients	with	atrial	macro-reentry,	using	activation	

and	entrainment	mapping,	Kall	et	al.	described	the	presence	of	lateral	wall	circuits.241	

Of	note,	they	observed	the	presence	of	a	line	of	block	at	the	mid	lateral	right	atrial	free	

wall	present	during	tachycardia	and	pacing	at	short	cycle	lengths	and	absent	during	

sinus	rhythm.	The	macro-reentrant	circuit	was	observed	to	rotate	around	this	line	of	

functional	 block.	 Catheter	 ablation	 from	 the	 center	 of	 the	 line	 of	 block	 to	 the	 IVC	

resulted	 in	 termination	 of	 the	 arrhythmia.	 In	 a	 study	 by	 Stevenson	 et	 al.,	 these	
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investigators	 observed	 the	 presence	 of	 lateral	 wall	 circuits	 in	 the	 setting	 of	

spontaneous	 posterolateral	wall	 scar	 in	 the	 absence	 of	 prior	 atrial	 surgery.289	 In	 a	

majority	of	patients,	stable	re-entrant	circuits	 formed	around	the	scar	or	through	a	

channel	in	the	scar.	Radiofrequency	ablation	either	from	the	scar	to	the	SVC	or	the	IVC,	

or	at	the	channel	within	the	scar	resulted	in	successful	termination	in	all	cases.	

	

Lateral	wall	circuits	are	also	observed	in	patients	with	a	history	of	prior	mitral	valve	

surgery	 usually	 related	 to	 the	 atriotomy.	 In	 an	 early	 study	 by	Markowitz	 et	 al.	 of	

patients	 with	 prior	 mitral	 valve	 surgery,	 all	 right	 atrial	 macro-reentrant	 circuits	

involved	the	lateral	wall	and	were	related	to	prior	atriotomy.229	Subsequent	work	by	

the	 same	 group	 evaluated	 20	 patients	 with	 prior	 mitral	 valve	 surgery	 who	 had	 a	

superior	 transseptal	 incision.290	These	 investigators	 observed	 that	 in	 70%	of	 these	

patients,	 lateral	wall	circuits	were	observed	related	to	 the	 lateral	atriotomy.	Linear	

radiofrequency	ablation	was	performed	from	the	lateral	atriotomy	to	either	the	IVC,	

SVC	or	tricuspid	annulus.		

	

1.2.3.6	Dual	Loop	Re-Entry	

Dual	 loop	 re-entry	 involves	 the	 presence	 of	 two	 simultaneous	 re-entrant	 circuits.	

Figure	 eight	 pattern	 of	 activation	 is	 considered	 a	 subtype	 of	 dual	 loop	 re-entry	 in	

which	2	simultaneous	re-entrant	circuits	share	a	common	segment	of	unidirectional	

activation.291	Initial	work	investigating	the	presence	of	dual	loop	re-entry	in	the	atria	

stemmed	from	observations	of	this	pattern	of	activation	in	ventricular	arrhythmias.292	

Shah	et	al.	first	described	the	presence	of	figure	eight	re-entry	in	atrial	arrhythmias	in	

5	patients	with	a	history	of	surgical	closure	of	ASD.268	They	observed	the	presence	of	

a	counterclockwise	circuit	around	the	tricuspid	annulus	sharing	a	common	anterior	
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channel	with	a	clockwise	circuit	around	the	lateral	atriotomy	scar.	In	all	cases,	linear	

ablation	at	the	CTI	resulted	in	immediate	transformation	of	the	ECG	morphology	of	the	

flutter	waves	due	 to	 termination	of	 the	 counterclockwise	peri-tricuspid	 circuit	 and	

presence	of	the	peri-atriotomy	circuit	alone.	Further	ablation	line	from	the	lower	end	

of	the	atriotomy	to	the	IVC	terminated	the	peri-atriotomy	circuit.	Subsequent	work	by	

Zhang	et	al.	also	observed	the	presence	of	dual	loop	re-entry	due	to	counterclockwise	

peri-tricuspid	re-entry	and	lower	loop	re-entry.286		

	

1.2.3.7	Intra-Isthmus	Re-Entry	

Intra-isthmus	 re-entry	 is	 a	 recently	 described	 type	 of	 atrial	 macro-reentry	 that	

appears	to	be	confined	to	the	CTI.	In	a	study	by	Yang	et	al.,	using	both	entrainment	and	

3D	electroanatomical	mapping,	this	arrhythmia	was	found	to	be	located	in	the	septal	

CTI	in	the	majority	of	cases.293	The	lateral	isthmus	was	outside	the	circuit	on	the	basis	

of	entrainment.	Of	note,	50%	of	patients	with	intra-isthmus	re-entry	had	a	history	of	

prior	 CTI	 ablation.	 Fractionated	 electrograms	were	 observed	within	 the	 CTI	 in	 all	

patients	and	double	potentials	in	the	majority	of	cases.	Radiofrequency	ablation	at	the	

site	of	 fractionated	electrograms	 resulted	 in	 termination	of	 the	 tachycardia.	A	 case	

report	 by	 Latcu	 et	 al.	 also	 recently	 described	 intra-isthmus	 re-entry	 with	 similar	

features	as	the	abovementioned	case	series.294	In	this	report,	the	patient’s	surface	ECG	

was	consistent	with	counterclockwise	typical	atrial	flutter	with	the	septal	CTI	“in”	on	

entrainment	 and	 the	 lateral	 isthmus	 “out”	 with	 the	 presence	 of	 fractionated	

electrograms	within	the	septal	CTI	in	a	patient	with	prior	CTI	ablation.		
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1.2.3.8	Atrial	Macro-Reentry	In	Congenital	Heart	Disease	

Atrial	macro-reentry	 generally	 develops	 in	 adulthood	 in	 patients	with	 a	 history	 of	

cardiac	surgery	for	congenital	heart	disease.	

	

1.2.3.8.1	Atrial	Septal	Defect	Repair	

	ASD	repair	generally	involves	a	lateral	right	atrial	incision.	The	ASD	is	closed	directly	

or	with	the	use	of	a	pericardial	or	Dacron	patch.	In	a	study	of	patients	with	a	history	of	

ASD	repair,	CTI	dependent	atrial	macro-reentry	was	the	most	common	type	of	single	

loop	macro-reentrant	circuit.295	Dual	loop	re-entry	was	commonly	observed	involving	

both	the	CTI	and	the	lateral	incision.	Shah	et	al.	also	observed	dual	loop	re-entry	in	all	

5	patients	post	ASD.268	As	described	previously,	 following	ablation	in	the	CTI,	there	

was	abrupt	change	in	the	ECG	morphology	and	a	second	circuit	rotating	around	the	

atriotomy	scar	was	mapped	and	subsequently	terminated	by	an	ablation	line	between	

the	atriotomy	scar	and	the	IVC.	In	addition,	in	ASD	patients,	a	re-entry	circuit	can	form	

around	the	ASD	patch.296	

	

1.2.3.8.2	Tetralogy	Of	Fallot	Repair	

In	patients	with	Tetralogy	of	Fallot	repair,	a	right	lateral	atriotomy	is	also	commonly	

performed.	 Therefore,	 similar	 to	ASD	 repair	 patients,	 the	 re-entrant	 circuit	 usually	

involves	 the	 atriotomy	 scar.	 In	 an	 important	 study	 by	Nakagawa	 et	 al.,	 right	 atrial	

macro-reentrant	circuits	 in	patients	with	a	history	of	Tetralogy	of	Fallot	repair	was	

characterized.225	This	study	observed	that	in	the	majority	of	patients,	macro-reentry	

involved	 the	 right	 atrial	 free	wall	 in	 a	 region	of	dense	 scar.	 In	 all	 cases,	 the	 circuit	

propagated	through	a	channel	within	the	scar	and	around	the	upper	border	of	the	scar.	

Radiofrequency	ablation	within	the	channel	terminated	the	tachycardia.	In	a	further	
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study	of	congenital	heart	disease	patients,	after	CTI	dependent	atrial	macro-reentry,	a	

circuit	 rotating	around	 the	 right	 lateral	wall	 atriotomy	was	 the	next	most	 common	

type	in	patients	post	Tetralogy	of	Fallot	repair.297	

	

1.2.3.8.3	Fontan	Procedure	

In	patients	with	a	history	of	Fontan	procedure,	the	location	of	circuits	are	variable	and	

generally	 not	 CTI	 dependent	 or	 related	 to	 the	 atriotomy	 scar.	 In	 a	 key	 study	 by	

Nakagawa	et	al.	the	number,	size	and	location	of	areas	of	scar	varied	between	patients	

with	a	history	of	Fontan	procedure.225	The	median	number	of	dense	scar	zones	was	

5.5	predominantly	located	in	the	free	wall	and	septum.	In	a	subset	of	patients	where	

the	scar	was	continuous	with	either	the	IVC	or	the	SVC,	the	macro-reentrant	circuit	

rotated	in	the	transverse	plane.	In	others,	the	circuits	propagated	through	channels	of	

low	voltage	which	were	targets	for	radiofrequency	ablation.		

	

1.2.4.8.4	Transposition	Of	Great	Arteries	

The	development	of	atrial	macro-entry	post	atrial	switch	procedures	is	common	with	

an	incidence	of	approximately	25%.298	Atrial	switch	procedures	for	transposition	of	

the	great	arteries	involves	the	creation	of	an	intra-atrial	baffle	to	direct	deoxygenated	

systemic	 venous	 blood	 towards	 the	mitral	 valve	 and	 subsequently	 the	 pulmonary	

circulation	via	the	left	ventricle	and	pulmonary	artery.	This	new	right	atrium	is	called	

the	systemic	venous	atrium	(SVA).	Oxygenated	blood	returning	from	the	lungs	drains	

into	 the	 tricuspid	 valve	 then	 to	 the	 right	 ventricle	 and	 aorta	 into	 the	 systemic	

circulation.	This	new	left	atrium	is	called	the	pulmonary	venous	atrium	(PVA).	In	the	

Senning	procedure,	the	baffle	is	created	from	atrial	tissue.	In	the	Mustard	procedure,	
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the	baffle	is	created	using	a	pericardial	or	Dacron	patch.	Consequently,	the	nature	of	

the	atrial	macro-reentry	circuits	observed	differs	between	these	two	procedures.	

	

In	the	Mustard	operation,	the	baffle	is	often	placed	across	the	CTI.	Hence,	this	isthmus	

is	located	in	both	the	SVA	and	PVA.	In	a	key	study	by	Zrenner	et	al,	these	investigators	

characterized	 the	 atrial	 macro-reentrant	 circuits	 in	 patients	 post	 Mustard	

operation.299	 Using	 both	 3D	 electroanatomical	 mapping	 and	 entrainment,	 peri-

tricuspid	re-entry	was	the	most	commonly	observed	circuit	largely	attributed	to	the	

nature	of	the	Mustard	operation	technique.		The	combination	of	the	baffle	suture	line	

and	the	incisional	scar	or	patch	located	on	the	free	wall	is	thought	to	confine	the	active	

wavefront	 to	around	the	tricuspid	annulus.	Radiofrequency	ablation	of	 the	CTI	was	

shown	 to	 be	 successful	 in	 terminating	 the	 tachycardia.	 However,	 ablation	 was	

complicated	by	the	presence	of	the	baffle	transecting	the	CTI.	In	a	study	by	Kanter	et	

al.,	 concealed	 entrainment	 could	 be	 demonstrated	 on	 the	 systemic	 and	 pulmonary	

venous	sides	of	 the	baffle.300	Radiofrequency	ablation	was	performed	at	 the	CTI	on	

both	sides	of	the	baffle	as	the	medial	isthmus	could	only	be	accessed	from	the	SVA	and	

the	lateral	isthmus	from	the	PVA.	In	a	further	study	by	Lukac	et	al,	peri-tricuspid	re-

entry	was	also	the	most	common	type	of	circuit	observed	and	radiofrequency	ablation	

was	also	required	in	both	the	atria	to	terminate	the	tachycardia.297	

	

1.2.3.9	Left	Atrial	Macro-Reentry	

Left	 atrial	 macro-reentry	 is	 less	 common	 than	 right	 atrial	 macro-reentry.	 These	

arrhythmias	generally	occur	in	patients	with	a	history	of	structural	heart	disease	or	

prior	left	atrial	surgery	or	radiofrequency	ablation.	Left	atrial	macro-reentry	was	first	

reported	by	Jais	et	al.	whom	used	entrainment	and	3D	electroanatomical	mapping	to	
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characterize	 left	 atrial	macro-reentry	 circuits.242	 Peri-mitral	 re-entry	was	 the	most	

common	 circuit	 observed	 in	 this	 series.	 This	 circuit	 rotated	 either	 clockwise	 or	

counterclockwise.	Other	circuits	involved	re-entry	around	either	the	left	or	right	sided	

pulmonary	 veins,	 roof	 or	 zones	 of	 scar	 such	 as	 involving	 the	 posterior	wall.	 These	

investigators	 successfully	 terminated	 the	 tachycardia	with	 radiofrequency	ablation.	

Peri-mitral	 re-entry	 was	 ablated	 with	 an	 ablation	 line	 extending	 from	 the	 mitral	

annulus	to	another	anatomical	obstacle	(left	superior	pulmonary	vein,	right	superior	

pulmonary	vein,	posterior	scar).	The	peri-pulmonary	vein	circuits	were	ablated	with	

an	ablation	 line	extending	 from	the	pulmonary	vein	 to	either	 the	mitral	annulus	or	

contralateral	pulmonary	vein.	In	another	study	of	left	atrial	macro-reentry	using	3D	

mapping	 to	 identify	 the	 critical	 isthmus,	 dual	 loop	 re-entry	 was	 more	 commonly	

observed	 than	 single	 loop	 propagating	 through	 a	 protected	 isthmus.301	 These	

investigators	observed	that	the	isthmus	was	located	between	2	anatomical	barriers	

either	 the	mitral	 annulus	 or	 the	 pulmonary	 veins	 or	 zones	 of	 scar	 and	 conduction	

block.	 In	a	majority	of	cases,	 radiofrequency	ablation	with	 linear	 lesions	across	 the	

isthmus	resulted	in	termination	of	the	tachycardia.		

	

Left	atrial	macro-reentry	infrequently	occurs	in	the	absence	of	underlying	structural	

heart	 disease	 or	 prior	 surgery	 or	 catheter	 ablation.	 In	 a	 study	 of	 patients	without	

structural	heart	disease	or	surgery	or	catheter	intervention,	all	re-entry	circuits	were	

associated	 with	 the	 presence	 of	 spontaneous	 scar.302	 The	 areas	 of	 scar	 were	

predominantly	located	posteriorly,	superiorly	and	anteroseptally.	In	50%	of	patients,	

dual	loop	re-entry	was	observed	with	the	presence	of	peri-mitral	re-entry	and	peri-

right	sided	pulmonary	vein	re-entry.	An	ablation	line	from	the	mitral	annulus	to	the	
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right	superior	pulmonary	vein	terminated	the	arrhythmia.	The	remaining	patients	had	

single	loop	re-entry.		

	

Left	sided	atrial	macro-reentry	is	frequently	observed	following	mitral	valve	surgery.	

A	key	study	by	Markowitz	et	al.	used	3D	mapping	 to	describe	 the	macro-reentrant	

circuits	 observed	 in	 patients	 following	mitral	 valve	 surgery.229	 These	 investigators	

observed	both	 left	and	right	sided	atrial	macro-reentry.	 In	terms	of	 left	sided	atrial	

macro-reentry,	they	reported	the	presence	of	an	abnormal	area	of	septal	scar	adjacent	

to	the	right	sided	pulmonary	veins	which	acted	as	an	anatomical	barrier	for	re-entry.	

In	more	recent	work	by	Enriquez	et	al,	peri-mitral	re-entry	was	found	to	be	the	most	

common	left	atrial	circuit	in	patients	post	mitral	valve	surgery.303	Overall,	however,	

CTI	dependent	atrial	macro-reentry	was	the	most	common	circuit	observed	in	almost	

50%	of	patients	in	this	series.	For	left	atrial	macro-reentry,	after	peri-mitral	re-entry,	

roof	dependent	re-entry	was	the	next	most	common.		

	

1.2.3.10	Atrial	Macro-Reentry	Post	AF	Ablation	

The	incidence	of	atrial	macro-reentry	post	catheter	ablation	for	AF	is	largely	related	

to	 the	 type	 of	 AF	 ablation	 procedure	 performed	 and	 confirmation	 of	 electrical	

isolation.	In	a	randomized	control	trial,	Karch	et	al.	compared	segmental	pulmonary	

vein	 isolation	 with	 confirmation	 of	 electrical	 isolation	 to	 an	 anatomic	 approach	

without	 electrical	 isolation.304	 This	 study	 found	 that	 the	 incidence	 of	 atrial	macro-

reentry	was	 significantly	greater	 in	 the	group	only	using	anatomic	pulmonary	vein	

isolation.	 Gaps	 in	 the	 circumferential	 ablation	 lesions	 or	 ablation	 lines	 created	 the	

ideal	substrate	for	macro-reentry.		

	



	 91	

In	a	study	by	Chae	et	al.	of	patients	post	circumferential	pulmonary	vein	isolation	as	

well	as	roof	and	mitral	lines,	peri-mitral	re-entry	was	found	to	be	the	most	common	

followed	 by	 roof	 dependent	 re-entry	 and	 left	 septal	 atrial	 macro-reentry.305	

Furthermore,	in	96%	of	atrial	macro-reentry	cases,	the	reentrant	circuit	transversed	

a	 prior	 ablation	 line	 implying	 a	 gap	 related	 atrial	 tachycardia.	 More	 recent	 work	

reflecting	updated	 techniques	and	 technology	also	showed	a	similar	distribution	of	

atrial	macro-reentry	circuits.	For	example,	in	a	study	by	Wasmer	et	al.,	peri-mitral	re-

entry	was	most	commonly	observed	followed	by	roof	dependent	re-entry.306	

	

1.2.3.11	Left	Septal	Atrial	Macro-Reentry	

Marrouche	et	al.	described	the	presence	of	a	re-entrant	circuit	that	rotated	around	the	

left	septum	primum	in	patients	without	prior	cardiac	surgery.307	In	these	patients,	a	

critical	 isthmus	 was	 located	 between	 the	 septum	 primum	 and	 the	 mitral	 annulus	

anteriorly,	 or	 between	 the	 septum	 primum	 and	 the	 right	 sided	 pulmonary	 veins	

posteriorly.	An	ablation	line	extending	from	the	septum	primum	to	the	mitral	annulus	

or	the	septum	primum	to	the	right	inferior	pulmonary	veins	resulted	in	termination	of	

the	tachycardia	and	absence	of	recurrence	at	13	±	6	months	of	follow-up.	
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1.2.4	Special	Clinical	Situations	

	

1.2.4.1	Atrial	Fibrillation	And	CTI	Dependent	Atrial	Macro-Reentry	

There	is	a	well	established	relationship	between	AF	and	CTI	dependent	atrial	macro-

reentry.	 Both	 arrhythmias	 tend	 to	 arise	 in	 the	 setting	 of	 common	 triggers	 and	

substrate	particularly	 in	 the	 context	of	underlying	 structural	heart	disease	with	 its	

associated	electrical	and	structural	remodeling.	Hypertension,	valvular	heart	disease	

and	heart	failure	predispose	to	both	AF	and	CTI	dependent	atrial	macro-reentry.	In	

most	cases,	CTI	dependent	atrial	macro-reentry	is	preceded	by	a	period	of	transitional	

AF.253,308	It	 is	thought	that	this	short	cycle	length	atrial	activity	induces	a	functional	

line	of	conduction	block	between	the	SVC	and	IVC	that	results	in	unidirectional	block	

and	the	transition	to	a	stable	organized	macro-reentrant	circuit.255,309	Therefore,	the	

triggers	 which	 initiate	 AF	 are	 also	 responsible	 in	 most	 cases	 for	 the	 onset	 of	 CTI	

dependent	atrial	macro-reentry	via	transitional	AF.		

	

This	relationship	between	AF	and	CTI	dependent	atrial	macro-reentry	helps	explain	

the	 findings	 of	 multiple	 studies	 evaluating	 the	 incidence	 of	 AF	 post	 atrial	 flutter	

ablation.	 These	 studies	 have	 shown	 that	 the	 incidence	 is	 time	 dependent	 with	 an	

incidence	of	approximately	20%	at	6	months	increasing	to	over	50%	at	2	years	post	

ablation.310,311	It	is	important	to	note	that	the	incidence	appears	to	reflect	the	degree	

of	monitoring	with	a	study	using	implantable	loop	recorders	reporting	an	incidence	of	

AF	of	55%	at	1	year	post	atrial	flutter	ablation.312	In	general,	AF	and	CTI	dependent	

atrial	 macro-reentry	 may	 be	 considered	 to	 be	 2	 sides	 of	 the	 same	 coin253	 and	 in	

general,	CTI	dependent	atrial	macro-reentry	does	not	exist	without	AF.	In	evaluating	
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a	patient	with	CTI	dependent	atrial	macro-reentry,	the	risk	of	detecting	or	developing	

AF	is	therefore	more	a	question	of	when	rather	than	whether.313	

	

1.2.4.2	Organization	Of	Atrial	Fibrillation	Into	Atrial	Macro-Reentry	With	

Flecainide	

Flecainide	 is	 a	 class	 1C	 anti-arrhythmic	 agent.	 It	 inhibits	 sodium	 channels	 with	

resultant	 reduction	 in	conduction	velocity.	 It	 is	 frequently	used	 in	 the	 treatment	of	

paroxysmal	AF.	An	important	consequence	of	the	treatment	of	AF	with	flecainide	is	the	

organization	 of	 AF	 into	 atrial	 macro-reentry	 with	 rapid	 1:1	 atrioventricular	

conduction	 and	 potential	 cardiovascular	 compromise.314	 The	 incidence	 of	 atrial	

macro-reentry	 in	 patients	 taking	 flecainide	 for	 paroxysmal	 AF	 is	 approximately	

14%.315		

	

The	organization	of	AF	to	atrial	macro-reentry	is	thought	to	occur	due	to	the	reduction	

in	 intra-atrial	 conduction	 velocity	 with	 flecainide	 treatment	 which	 facilitates	 the	

development	of	a	functional	line	of	block	between	the	SVC	and	IVC	converting	AF	to	

atrial	 macro-reentry.253	 In	 addition,	 the	 reduced	 intra-atrial	 conduction	 velocity	

results	 in	 a	 slower	 atrial	 flutter	 rate	 (approximately	 200	 beats	 per	 minute	 (bpm)	

rather	 than	300	bpm	which	 facilitates	1:1	conduction	 through	 the	AV	node	 (rather	

than	 2:1	 conduction)	 leading	 to	 a	 rapid	 ventricular	 response	 and	 potentially	 life	

threatening	consequences.	The	concomitant	use	of	an	AV	nodal	blocking	drug	(eg	beta-

blocker,	calcium	channel	blocker)	with	flecainide	is	recommended	in	the	treatment	of	

paroxysmal	AF	 to	 impair	 conduction	 through	 the	AV	node,	 thereby	 preventing	 1:1	

conduction	to	the	ventricle	should	atrial	macro-reentry	develop.		
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1.2.4.3	Atrial	Macro-Reentry	And	Tachycardia-Induced	Cardiomyopathy	

Tachycardia-induced	cardiomyopathy	refers	 to	 systolic	and/or	diastolic	ventricular	

dysfunction	 that	 arises	 secondary	 to	 sustained	 tachycardia	 that	 is	 reversible	 upon	

restoration	of	sinus	rhythm	or	rate	control	of	 the	arrhythmia.	Tachycardia-induced	

cardiomyopathy	has	been	observed	in	patients	with	sustained	atrial	macro-reentry.316	

These	patients	commonly	present	with	heart	failure	symptoms	of	dyspnea	and	fatigue	

rather	than	palpitations.		

	

The	 frequency	 of	 tachycardia-induced	 cardiomyopathy	 in	 persistent	 atrial	 macro-

reentry	 is	 approximately	 15%.317	 There	 have	 only	 been	 a	 small	 number	 of	 studies	

which	 have	 investigated	 the	 association	 between	 atrial	 macro-reentry	 and	

tachycardia-induced	cardiomyopathy.	In	a	small	series	of	patients	with	atrial	macro-

reentry	 and	 left	 ventricular	 systolic	 dysfunction,	 restoration	 of	 sinus	 rhythm	with	

radiofrequency	 ablation	 resulted	 in	 the	 resolution	 of	 the	 cardiomyopathy	 in	 the	

majority	 of	 patients.316	 In	 a	 larger	 series,	 the	 restoration	 of	 sinus	 rhythm	 with	

radiofrequency	ablation	normalized	left	ventricular	function	in	75%	of	patients	with	

the	ventricular	response	rate	an	independent	predictor	of	reversible	left	ventricular	

dysfunction.317		

	

In	patients	with	atrial	macro-reentry	and	left	ventricular	dysfunction,	it	can	be	difficult	

to	determine	whether	the	tachycardia	is	primary	or	secondary	in	the	development	of	

the	cardiomyopathy	as	atrial	macro-reentry	is	also	a	common	arrhythmia	in	patients	

with	dilated	cardiomyopathy.318	Chronological	documentation	of	the	development	of	

left	 ventricular	 dysfunction	 after	 the	 onset	 of	 atrial	 macro-reentry	 will	 suggest	 a	

diagnosis	of	tachycardia-induced	cardiomyopathy.		However,	in	many	cases,	the	initial	
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presentation	will	be	atrial	macro-reentry	and	left	ventricular	dysfunction.	Restoration	

of	sinus	rhythm	or	rate	control	of	tachycardia	is	considered	as	a	treatment	strategy	in	

these	patients	in	an	attempt	to	improve	left	ventricular	function.		
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1.2.5	Mapping	Of	Atrial	Macro-Reentry	

	

Catheter	 mapping	 of	 atrial	 macro-reentry	 may	 include	 activation	 mapping,	

entrainment	mapping	and	the	use	of	3D	electroanatomical	mapping	systems.		

	

1.2.5.1	Activation	Mapping	

Activation	 sequences	 on	 multipolar	 catheters	 identify	 the	 direction	 of	 wavefront	

propagation.319	During	this	process,	bipolar	electrograms	on	the	mapping	catheter	are	

annotated	at	the	peak	of	the	first	sharp	potential.320		The	aim	of	activation	mapping	is	

to	trace	activation	throughout	the	entire	tachycardia	cycle	length.321	This	technique	is	

straight	forward	in	simple	circuits	in	normal	hearts	without	scarring	but	is	difficult	in	

those	with	structural	heart	disease	where	there	are	areas	of	electrical	remodeling	or	

scarring	where	signals	may	be	low	amplitude,	fractionated	or	double	potentials,	or	the	

presence	of	multiple	circuits.		

	

1.2.5.2	Entrainment	Mapping	

Waldo	et	al.		first	described	the	technique	of	entrainment	to	determine	the	reentrant	

mechanism	 of	 atrial	 macro-reentry.322	 Subsequently,	 entrainment	 mapping	 was	

applied	to	localize	regions	of	myocardium	that	were	within	a	re-entrant	circuit	both	

during	ventricular	tachycardia	in	the	setting	of	coronary	artery	disease323	and	during	

atrial	macro-reentry.246	

	

Entrainment	 mapping	 involves	 overdrive	 atrial	 pacing	 slightly	 faster	 than	 the	

tachycardia	 cycle	 length	 (between	 10-20	ms)	 from	 different	 anatomic	 sites	 in	 the	

atrium.	During	transient	entrainment	of	a	macro-reentrant	tachycardia,	the	wavefront	
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from	the	pacing	stimulus	enters	the	excitable	gap	of	the	re-entrant	circuit	and	travels	

both	 antidromically	 and	 orthodromically.324	 The	 antidromic	 wavefront	 usually	

collides	 with	 the	 orthodromic	 wavefront	 from	 the	 previous	 beat	 or	 blocks	 due	 to	

refractory	tissue.	The	orthodromic	wavefront	from	the	pacing	stimulus	continues	and	

resets	the	tachycardia	to	the	pacing	rate.	

	

Entrainment	 is	 crucial	 in	 confirming	 the	 macro-reentrant	 mechanism	 of	 the	

tachycardia.	Entrainment	of	the	tachycardia	establishes	a	re-entrant	mechanism	and	

excludes	 triggered	 activity	 and	 abnormal	 automaticity	 as	 potential	 mechanisms.	

Macro-reentry	is	diagnosed	when	at	least	2	atrial	pacing	sites	at	least	2	cm	apart	are	

within	the	circuit	(PPI	-	TCL	<	20	ms).238	Moreover,	a	recent	study	by	Barbhaiya	et	al.	

has	described	that	macro-reentry	can	be	diagnosed	using	a	single	entrainment	run	by	

demonstrating	the	orthodromic	capture	of	the	upstream	electrograms	when	overdrive	

pacing	from	a	downstream	activation	site	using	a	multipolar	catheter.325	

	

1.2.5.3	3D	Electroanatomical	Mapping		

	

1.2.5.3.1	Current	3D	Mapping	Technology	

Current	 systems	 use	 either	 an	 impedance-based	 or	 electromagnetic	 catheter	

localization	method	to	create	a	3D	reconstruction	of	the	chamber	of	interest.	During	

mapping,	 the	 activation	 times	 of	 the	 electrograms	 are	 annotated	 and	 assigned	 an	

isochronal	colour	scale	based	on	their	timing	to	a	reference	electrogram.326	In	general,	

in	 current	 systems,	 early	activation	 relative	 to	 the	 reference	electrogram	has	a	 red	

colour	 and	 proceeds	 through	 the	 colours	 of	 the	 rainbow	 to	 purple	 which	 is	 late	

activation	relative	to	the	reference	electrogram.	Macro-reentrant	circuits	will	appear	
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as	a	closed	loop	of	sequential	activations	spanning	the	cycle	length	of	the	tachycardia	

with	colours	from	red	to	purple.	There	will	also	be	a	zone	where	early	activation	(red)	

meets	late	activation	(purple)	to	complete	the	circuit.	It	is	important	to	note	that	in	

macro-reentry,	there	is	no	early	or	late	activation	and	that	the	assigned	colours	are	

arbitrary	and	relate	to	the	timings	relative	to	the	reference	electrogram.326		

	

The	use	of	3D	mapping	is	critically	important	in	delineating	complex	circuits	in	atrial	

macro-reentry,	particularly	in	patients	with	abnormal	atrial	anatomy,	regions	of	scar	

and	multiple	circuits.	 In	a	study	by	Wieczorek	et	al.,	3D	electroanatomical	mapping	

identified	the	presence	of	spontaneous	right	atrial	scar	in	patients	with	atrial	macro-

reentry	without	prior	cardiac	surgery.327	In	addition,	multiple	studies	in	patients	with	

prior	 cardiac	 surgery	 (congenital	 or	 acquired)	 have	 used	 3D	 electroanatomical	

mapping	to	assist	in	characterizing	the	macro-reentrant	circuit.226,	229,	297		

	

Activation	 mapping	 alone	 may	 assist	 in	 understanding	 the	 direction	 of	 activation	

however	it	does	not	distinguish	between	active	and	passive	components	of	the	atria.	

Entrainment	is	critical	in	identifying	which	sites	are	within	the	reentrant	circuit	and	

which	are	activated	passively.	In	an	elegant	study	by	Santucci	et	al.	of	patients	with	CTI	

dependent	 atrial	 macro-reentry,	 using	 activation	 mapping	 alone,	 similar	 3D	

electroanatomical	 maps	 demonstrating	 sequential	 activation	 around	 the	 tricuspid	

annulus	was	demonstrated	between	patients.279	However,	when	3D	electroanatomical	

maps	of	post-pacing	 intervals	were	 created,	 variability	 in	 the	 location	of	 the	active	

circuit	 was	 observed,	 particularly	 at	 the	 superior	 turnaround	 point.	 Furthermore,	

using	entrainment,	passively	activated	areas	were	distinguished	from	active	regions.	
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1.2.5.3.2	Current	Mapping	Catheter	Technology	

The	standard	mapping	catheter	for	atrial	arrhythmias	is	a	linear	catheter	with	a	3.5	

mm	to	4	mm	distal	tip.	Larger	catheters	are	also	used	with	an	8	mm	distal	tip.	As	shown	

in	the	example	in	Figure	1.2,	there	is	a	2	mm	separation	between	the	distal	electrode	

to	the	more	proximally	located	2	mm	electrode.	In	this	example,	the	inter-electrode	

distance	(center	to	center)	is	5	mm.	

	

Bipolar	recordings	are	obtained	by	connecting	two	electrodes	that	are	exploring	the	

area	 of	 interest	 to	 the	 recording	 amplifier.	 At	 each	 point	 in	 time	 the	 potential	

generated	is	the	sum	of	the	potential	from	the	positive	input	and	the	potential	at	the	

negative	input.	In	this	example,	the	distal	bipolar	signal	is	formed	from	the	electrical	

potential	difference	between	the	4	mm	distal	tip	(Label	1,	Figure	1.2)	and	adjacent	2	

mm	electrode	(Label	2,	Figure	1.2).	The	proximal	bipolar	signal	 is	 formed	from	the	

potential	 difference	 between	 the	more	 proximal	 2	 mm	 electrodes	 (Label	 3	 and	 4,	

Figure	1.2).		

	

The	precision	of	 locating	 the	source	of	a	particular	electrical	signal	depends	on	the	

distance	between	the	recording	electrodes.	There	is	an	inverse	relationship	between	

signal	quality	and	spatial	 resolution	of	 recordings	with	 the	 inter-electrode	distance	

and	electrode	size.	High	quality	signal	recordings	and	high	spatial	resolution	can	be	

achieved	with	narrowly	spaced	recording	bipoles.		

	

1.2.5.3.3	Limitation	Of	Current	3D	Mapping	Systems	And	Mapping	Catheters	

Current	 3D	 electroanatomical	 mapping	 systems	 accurately	 identify	 the	 reentrant	

circuit	 and	 localize	 arrhythmogenic	 channels	 in	 macro-reentrant	 tachycardias.	
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However,	 current	 electroanatomical	 mapping	 systems	 are	 limited	 by	 (i)	 point-by-

point	mapping	data	acquisition,	(ii)	requiring	a	large	number	of	mapping	sites	for	high	

resolution	(3–4	mm	in	areas	of	interest)	and	(iii)	the	need	to	individually	annotate	the	

activation	time	at	sites	with	complex	electrograms	(low	amplitude	potentials,	double	

potentials,	 or	 fractionated	 electrograms)	 in	 scarred	 myocardium.	 In	 addition,	 the	

mapping	resolution	of	currently	available	mapping	catheters	is	limited	to	around	3.5-

5	mm	which	is	the	size	of	the	distal	tip	electrode.	Since	the	distal	tip	is	in	contact	with	

the	heart,	the	distal	tip	defines	the	maximum	mapping	resolution	available.	This	means	

that	important	electrical	information	may	be	hidden	during	mapping	due	to	the	poor	

spatial	resolution	of	mapping	catheters.		

	

1.2.5.3.4	Novel	Mapping	Catheters	And	High-Density	High-Resolution	3D	Mapping	

System		

Recently,	a	novel	high-density	high-resolution	3D	mapping	system	(Rhythmia)	and	a	

new	 generation	 of	 high	 spatial	 resolution	 catheters	 (IntellaMap-Orion)	 has	 been	

developed	for	clinical	use	in	the	mapping	of	atrial	arrhythmias.	It	is	thought	that	this	

new	 mapping	 technology	 will	 address	 the	 abovementioned	 limitations	 of	 current	

mapping	techniques.	

	

1.2.5.3.4.1	IntellaMap-Orion	Mapping	Catheter			

The	 IntellaMap-Orion	 mapping	 catheter	 has	 64	 flat	 micro-electrodes	 (0.8	 mm	

diameter)	with	a	2.5	mm	inter-electrode	distance	(centre	to	centre)	(Figure	1.3).	The	

electrodes	are	arranged	in	a	basket	configuration	of	8	splines	with	variable	degrees	of	

deployment	that	can	be	adjusted	according	to	individual	variation	in	anatomy.	Due	to	

the	narrower	electrodes	with	closer	inter-electrode	distance,	these	mapping	catheters	
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have	greater	spatial	resolution	compared	with	standard	mapping	catheters.	This	has	

potential	advantages	in	identifying	heterogeneity	within	areas	of	low	voltage,	and	the	

more	 accurate	 annotation	 of	 activation	 time	 due	 to	 less	 signal	 averaging	 and	

cancellation	effects.328,329	

	

1.2.5.3.4.2		High-Density	High-Resolution	3D	Mapping	

The	 recent	 development	 of	 high-density	 high-resolution	 3D	 mapping	 (Rhythmia)	

provides	an	opportunity	to	study	atrial	arrhythmias	to	a	level	of	detail	not	previously	

attainable.	 	The	Rhythmia	mapping	system	allows	real-time	automated	electrogram	

annotation	as	opposed	to	point	by	point	manual	annotation	by	current	systems.	This	

results	 in	the	rapid	generation	of	activation	maps	based	on	thousands	of	activation	

points	collected	from	the	IntellaMap-Orion	mapping	catheter.		

	

The	Rhythmia	mapping	system	has	been	validated	by	both	animal	and	human	work.	

In	a	study	using	a	canine	atrial	linear	lesion	model,	the	system	accurately	created	right	

atrial	geometry	and	correctly	demonstrated	right	atrial	activation	patterns	and	lines	

of	 conduction	 block	 without	 manual	 correction	 of	 automatically	 annotated	

electrograms.330	 Subsequent	 work	 by	 Bollman	 et	 al.	 in	 patients	 with	 right	 atrial	

arrhythmias	confirmed	the	findings	of	the	animal	work.331	Right	atrial	geometry	was	

found	to	be	consistent	with	CT	imaging.	The	median	acquisition	time	was	only	6.43	

min	for	a	median	of	3,236	points	automatically	annotated	without	manual	correction.	

The	system	correctly	demonstrated	activations	maps	consistent	with	sinus	rhythm,	

CSp	pacing	and	CTI	dependent	atrial	macro-reentry.	
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1.3	FIGURES	

	

Figure	1.1.	Sinusoidal	Recomposition		

	

Schematic	 of	 “Sinusoidal	 Recomposition”	 transformation.	 (a)	 Original	 signal.	 (b)	

Individual	 sinusoid	wavelets	 are	 created	 for	 each	 time	 point	 of	 the	 original	 signal	

(Signal	is	down-sampled	for	clarity).	(c)	Recomposed	signal	is	the	sum	of	all	sinusoidal	

wavelets.		(d)	Corresponding	instantaneous	phase.	Reproduced	with	permission	from	

IEEE	Trans	Biomed	Eng.	Journal.103	
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Figure	1.2.	Electrode	Size	and	Inter-Electrode	Spacing	of	Standard	Mapping	

Catheter		

	

In	this	example,	a	standard	mapping	catheter	(2	mm-5	mm-2	mm)	is	shown	with	a	4	

mm	 distal	 electrode	 tip.	 There	 is	 a	 2	mm	 separation	 between	 the	 distal	 electrode	

(Label	1)	to	the	more	proximally	located	2	mm	electrode	(Label	2).	In	this	example,	

the	 inter-electrode	distance	 (center	 to	 center)	 is	5	mm.	The	distal	bipolar	 signal	 is	

formed	from	the	electrical	potential	difference	between	the	4	mm	distal	tip	electrode	

(Label	1)	and	the	adjacent	2	mm	electrode	(Label	2).	The	proximal	bipolar	signal	is	

formed	from	the	potential	difference	between	the	2	mm	electrodes	(Label	3	and	4).	
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Figure	1.3.	IntellaMap-Orion	Mapping	Catheter	

	

The	 IntellaMap-Orion	 mapping	 catheter	 is	 shown	 below.	 It	 has	 64	 flat	 micro-

electrodes	 (0.8	 mm	 diameter)	 with	 a	 2.5	 mm	 inter-electrode	 distance	 (centre	 to	

centre).	The	8Fr	bidirectional	catheter	is	27	mm	long	from	the	catheter	shaft	to	the	

distal	 tip	 of	 the	 basket.	 The	 electrodes	 are	 arranged	 in	 a	 basket	 configuration	 of	 8	

splines	 with	 variable	 degrees	 of	 deployment	 that	 can	 be	 adjusted	 according	 to	

individual	variation	in	anatomy.	The	nominal	diameter	of	the	basket	is	18	mm	when	

measured	at	its	equator.	Reproduced	with	permission	from	Heart	Rhythm	Journal.332		
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CHAPTER	TWO	

	

Transient	Rotor	Activity	During	Prolonged	Three	

Dimensional	Phase	Mapping	In	Human	Persistent	Atrial	

Fibrillation	

	

2.1	INTRODUCTION		

	

The	mechanism(s)	that	sustain	persistent	AF	remain	uncertain	and	are	the	subject	of	

ongoing	debate	and	 investigation.	Using	differing	mapping	approaches,	a	variety	of	

potential	mechanisms	have	been	reported	including:	multiple	wavefronts	maintained	

by	 longitudinal	 dissociation80	 and	 by	 epicardial-endocardial	 dissociation,81,82	 focal	

drivers,74	 and	 rotors	 either	 transient70,71,72	 or	 sustained.62	 Recent	 approaches	 have	

included	 the	use	 of	 body	 surface	mapping	which	demonstrated	 transient	 rotors	 or	

driver	domains;71	or	alternately	the	use	of	a	64	electrode	basket	catheter	and	phase	

mapping	 which	 demonstrated	 the	 presence	 of	 1-2	 persistent	 rotors	 per	 atrial	

chamber.62		

	

Use	of	the	basket	catheter	to	identify	persistent	rotors	has	resulted	in	some	notable	

ablation	success	rates	in	persistent	AF63,66,333	but	good	results	have	not	been	uniformly	

reported.67,68,69	One	of	the	limitations	of	the	current	iteration	of	this	technology	has	

been	 the	 2D	 display	 of	 the	 atria	 with	 all	 of	 the	 inherent	 assumptions	 that	 this	

engenders.	In	the	current	study,	we	used	a	64	electrode	basket	catheter	to	map	the	LA	
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in	persistent	AF	with	activation	patterns	displayed	in	3D	format	onto	patient	specific	

LA	anatomy	obtained	by	pre-procedural	cardiac	CT	scan.	

	

The	aims	of	the	study	were:		

1.	To	validate	the	novel	3D	phase	mapping	approach	(RMHeartMap3D)	by	comparing	

3D	phase	maps	with	3D	activation	maps	derived	from	the	same	one	minute	segment	

of	AF	data.	

2.	To	analyze	continuous	6	minute	segments	of	AF	data	using	3D	phase	mapping	to	

determine	 the	 relative	 frequency	 and	 location	 of	 rotors	 and	 other	 dominant	

propagation	patterns	in	LA	recordings	of	human	persistent	AF.		
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2.2	METHODS	
	

Patient	Population	

14	patients	with	persistent	AF	undergoing	catheter	ablation	were	studied.	Persistent	

AF	was	defined	as	continuous	AF	sustained	for	greater	than	7	days.3	All	patients	gave	

written	 informed	 consent	 and	 the	 study	 protocol	was	 approved	 by	 the	Melbourne	

Health	Research	and	Human	Ethics	Committee.	

	

Electrophysiology	Study	

Anti-arrhythmic	medications	were	discontinued	for	5	half-lives	prior	to	the	procedure.		

All	 patients	underwent	 cardiac	CT.	TEE	was	performed	 in	 all	 patients	 immediately	

before	the	commencement	of	the	procedure	to	exclude	LA	thrombus.	All	cases	were	

performed	under	general	anesthesia.	A	Decapole	catheter	was	placed	in	the	CS	and	a	

Hexapole	catheter	at	the	His	location.		For	patients	in	sinus	rhythm	at	the	time	of	the	

procedure,	burst	atrial	pacing	was	used	to	induce	AF.	

	

Double	 transeptal	 punctures	were	 performed	 under	 TEE	 guidance	 to	 optimize	 the	

septal	 crossing	 at	 the	mid	 portion	 of	 the	 septum.	 8Fr	 and	 8.5Fr	 SL1	 sheaths	were	

advanced	into	the	LA	for	the	circular	mapping	and	ablation	catheters	respectively.	All	

patients	 were	 administered	 intravenous	 heparin	 to	 maintain	 ACT	 >	 300s	 prior	 to	

transeptal	puncture.	3D	electroanatomical	mapping	was	performed	with	 the	Ensite	

Velocity	System	(NavX;	St	Jude	Medical,	St	Paul,	MN).		

	

	

	



	 108	

Creation	And	Registration	Of	The	3D	LA	Surface	Geometry		

The	LA	CT	was	segmented	using	the	Ensite	segmentation	tool	Verismo™	to	create	a	3D	

polygonal	mesh	model	of	the	LA	surface	anatomy.	After	transeptal	puncture,	a	circular	

mapping	 catheter	 was	 used	 to	 create	 a	 patient-specific	 LA	 geometry.	 A	 scaling	

algorithm	(Field	Scaling)	was	applied	to	the	completed	detailed	geometry	to	adjust	for	

the	nonlinearity	of	the	geometry	that	occurs	as	a	result	of	local	changes	in	impedance	

fields.	Field	scaling	was	based	on	the	measured	inter-electrode	spacing	for	all	locations	

within	 the	 geometry.	The	 3D	 polygonal	mesh	model	was	 then	 registered	with	 the	

NavX-created	 LA	 geometry	 and	 NavX	 coordinate	 system	 using	 operator	 defined	

fiducial	 points	 as	 previously	 described.334	 Once	 the	 registration	 process	 was	

completed,	 the	 Constellation	 basket	 catheter	 (Boston	 Scientific,	 Natick,	 MA)	 was	

introduced	into	the	LA.		

	

Basket	Catheter	Selection	And	Deployment	

The	64-pole	Constellation	basket	catheter	was	advanced	into	the	LA	using	either	the	

8.5Fr	SL1	sheath	or	a	steerable	sheath	(Agilis;	St	Jude	Medical,	St	Paul,	MN)	to	guide	

basket	catheter	positioning	in	the	LA.	60mm,	48mm	and	38mm	basket	catheters	were	

used	in	the	study.	The	size	of	the	basket	catheter	selected	was	based	on	the	LA	size	on	

the	 pre-procedural	 cardiac	 CT	 as	well	 as	 the	 intra-operative	 TEE.	 In	 all	 patients,	 a	

larger	basket	size	was	preferentially	selected	and	deployed	 in	 the	LA.	Considerable	

amount	of	time	was	taken	to	optimize	the	positioning	of	the	basket	catheter	to	improve	

electrode	contact	and	coverage	of	the	LA.		
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Recording	Of	AF	Data	And	Signal	Processing	

Continuous	 six-minute	 recordings	of	AF	were	obtained	 from	 the	basket	 catheter	 in	

each	patient.	On	completion	of	the	clinical	case,	raw	unipolar	and	bipolar	electrogram	

signals	were	exported	for	off-line	signal	processing	(activation	and	phase	analysis).	In	

addition,	the	Cartesian	co-ordinates	of	the	Constellation	catheter	unipolar	electrodes	

in	3D	space	relative	to	the	registered	3D	polygonal	mesh	model	during	the	time	of	the	

AF	recording	were	exported.	The	3D	polygonal	mesh	model	of	the	LA	surface	was	also	

exported	in	a	file	that	contained	the	three	critical	elements	that	define	the	geometry	

(Polygonal	Vertices,	Vertice	Normals,	and	Polygonal	Surface	data).	

	

	Summary	Of	Analysis		

A	summary	of	the	analysis	performed	is	shown	in	Figure	2.1.	Detailed	off-line	analysis	

of	the	data	involved	the	following	three	components:	

1. Validation	of	sinusoidal	recomposition	and	phase	analysis	by	comparing	beat	to	

beat	 AFCL	 calculated	 from	 activation	 timing	with	 that	 determined	 using	 phase	

inversion	in	the	same	20	second	segment	of	AF	for	each	patient.	

2. Validation	of	 the	novel	 3D	phase	mapping	 approach	by	 comparing	propagation	

patterns	 and	 wavefront	 directionality	 observed	 using	 3D	 phase	 maps	 with	 3D	

activation	 maps	 in	 the	 same	 one	 minute	 segment	 of	 AF	 for	 each	 patient.	 The	

observer	was	blinded	to	the	3D	activation	map	when	analyzing	the	3D	phase	map.		

3. Determination	of	the	relative	frequency	of	rotors	and	other	dominant	propagation	

patterns	using	3D	phase	mapping	in	continuous	6	minute	recordings	of	AF	for	each	

patient.	 	 In	 terms	 of	 rotors,	 their	 location	 and	 the	 spatial	 characteristics	 of	 the	

basket	catheter	at	rotor	sites	was	also	determined.	
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Phase	Analysis	

Phase	analysis	was	performed	using	Matlab	(Version	R2015,	Mathworks	Inc,	Natick,	

MA).	 Sinusoidal	 recomposition	 and	 instantaneous	 phase	 analysis	 have	 previously	

been	 described	 in	 detail103	 and	 can	 be	 summarized	 in	 the	 following	 steps	 (i)	

electrogram	 is	 transformed	 using	 sinusoidal	 recomposition,	 (ii)	 Hilbert	

transformation	 of	 the	 recomposed	 sinusoids	 followed	 by	 (iii)	 calculation	 of	

instantaneous	phase.	Far-field	ventricular	signals	were	digitally	subtracted	from	the	

raw	 electrograms	 using	 a	 template-matching	 algorithm	 prior	 to	 sinusoidal	

recomposition.	

	

Activation	Analysis	

Activation	 analysis	 was	 performed	 using	 customized	 software	 (Cardiac	

Electrophysiology	Analysis	System	(CEPAS),	Cuoretech,	Sydney,	Australia).	CEPAS	has	

specific	user-defined	characteristics	to	identify	electrogram	activations.	These	include	

(i)	a	baseline	noise	threshold;	(ii)	electrogram	width	criterion	to	avoid	detection	of	

broad	 far-field	 activations;	 (iii)	 electrogram	 slope	 and	 (iv)	 electrogram	 refractory	

periods	 to	avoid	multiple	detections	within	 the	same	activation.	Based	on	previous	

work,72,73,335	 a	 noise	 threshold	 of	 0.1	mV,	width	 criterion	 of	 10	ms,	 and	 refractory	

period	of	50	ms	were	utilized	 for	 the	analysis.	All	 automated	electrogram	analyses	

were	visually	verified	to	ensure	accurate	annotation	of	activation	times.	Activations	

were	manually	corrected	if	automated	annotation	was	incorrect.	CFAEs	were	defined	

as	 electrograms	 displaying	 continuous	 electrical	 activity	 (CEA)	 over	 the	 entire	

recording	period.	Given	the	difficulty	in	assigning	activation	times	at	sites	of	CEA,	these	

sites	were	excluded	from	the	animation.	Multi-component	electrograms	were	defined	

as	 ≥3	 deflections	 of	 >50	ms	 duration	 separated	 by	 a	 discrete	 iso-electric	 baseline	
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between	 successive	 electrograms.	These	 were	manually	 annotated	 at	 the	 onset	 of	

electrogram	activation.		

	

Validation	Of	Sinusoidal	Recomposition	And	Phase		

The	accuracy	of	sinusoidal	recomposition	and	instantaneous	phase	analysis	has	been	

validated	with	contact	unipolar	electrogram	recordings.103	Comparison	of	AFCL	based	

on	intrinsic	deflection	and	based	on	phase	inversion	showed	high	correlation	(R2=0.99	

for	PAF	and	R2=0.90	for	persistent	AF	electrograms).103	Using	similar	methodology,	

we	compared	beat-to-beat	AFCL	calculated	from	activation	timing	to	AFCL	determined	

by	phase	 inversion.	Since	 the	 timing	of	a	phase	 inversion	 (transition	 from	–п	 to	п)	

corresponds	 to	 the	 intrinsic	 deflection	 in	 the	 raw	 electrogram	 signal,	we	 used	 the	

timings	of	the	phase	inversions	to	reconstruct	a	beat-to-beat	AFCL	compared	to	the	

previously	 validated	 cycle	 length	 assessment	 based	 on	 activation	 timing	 using	 the	

CEPAS	software.72	In	each	patient,	a	random	20	second	segment	of	AF	was	chosen	for	

analysis.	The	same	20	second	electrogram	recording	was	subjected	to	both	activation	

analysis	using	CEPAS	and	sinusoidal	recomposition	and	phase	analysis	using	Matlab.	

Beat-to-beat	AFCL	during	this	20	second	segment	calculated	by	traditional	activation	

was	then	plotted	against	beat-to-beat	AFCL	calculated	by	phase	inversion	to	determine	

a	R2	value.			

	

Novel	3D	Animation	Software	(RMHeartMap3D)	

Phase	 data,	 activation	 data	 and	 catheter	 location	 data	 and	 the	 3D	 polygonal	mesh	

model	 were	 imported	 into	 customized	 3D	 animation	 software	 (RMHeartMap3D)	

written	using	the	open	source	library	–	The	Visualization	Toolkit	(VTK).336,337	The	3D	

polygonal	mesh	provides	 the	spatial	 construct	on	which	activation	and	phase	were	
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mapped	and	animated.	As	the	3D	polygonal	mesh	model	was	registered	relative	to	the	

location	of	 the	Constellation	basket	 catheter	deployed	within	 the	LA	at	 the	 time	of	

geometry	 registration,	 the	 distance	 of	 each	 electrode	 to	 the	 registered	 surface	

geometry	was	known.	Two	different	animation	methods	were	developed	to	display	

activation	 and	 phase	 data	 as	 activation	 data	 is	 treated	 as	 a	 binary	 variable	 (1,	 0)	

whereas	phase	is	treated	as	a	continuous	variable	(-π,	π).	

	

Animation	Of	3D	Activation		

Similar	to	the	previously	described	2D	wave	mapping	technique,62	each	electrode	site	

was	animated	 independently	of	each	other.	Each	electrode	had	two	states	“on”	and	

“off”	mapped	to	the	color	scale	between	1	“on	state”	and	0	“off	state”.		The	activation	

information	 from	each	Constellation	electrode	site	was	projected	 to	 the	nearest	3D	

surface	point	as	a	sphere	of	color.	When	a	site	is	activated	(based	on	the	moment	of	

activation	annotated	using	CEPAS),	the	site	projected	a	sphere	of	white	color	onto	the	

closest	3D	surface	(“on”)	and	transitions	to	red	(“off”)	over	user	defined	time	interval	

(T1/2).	To	account	for	the	differences	in	distance	of	each	electrode	site	to	the	surface	

geometry,	 the	 intensity	of	 the	sphere	at	each	point	was	calculated	according	 to	 the	

formula	below	which	projects	the	intensity	of	activation	as	inversely	proportional	to	

the	electrode	distance	from	the	activation	position.338		

	

𝐴 =
𝑆𝑐𝑎𝑙𝑒𝐹𝑎𝑐𝑡𝑜𝑟 ∗ 𝐴-𝑒

./.123(5.56)
89/;

𝑑=>?5@ABCD@B5EF  

where, 

𝐴-= maximum intensity (1.0) 

𝑡@=Nearest activation time 
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𝑑=Distance from nearest constellation electrode location. 

T1/2= controls the duration of the activation wavefront (ms). 

Distance Factor = controls the spread of colour within the sphere.  

Scale Factor = scales the intensity of the colour within the sphere 

	

We	 did	 not	 use	 a	 minimum	 threshold	 value	 for	 distance	 when	 determining	 the	

intensity.	 The	 larger	 the	 distance	 factor,	 the	 smaller	 the	 spread	 of	 colour.	 Thus,	

electrode	sites	far	away	from	the	surface	will	not	add	to	the	overall	activation	pattern.		

An	example	of	an	activation	map	of	RSPV	pacing	is	shown	in	Movie	2.1	

	

Animation	Of	3D	Phase	

Phase	 data	 from	 each	 electrode	 site	was	 projected	 to	 the	 nearest	 point	 on	 the	 3D	

geometry	as	above.	Given	the	scattered	nature	of	the	Constellation	electrode	points	in	

3D	space,	phase	at	 each	point	was	 interpolated	within	a	 radial	 region	around	each	

electrode	using	Shepard's	Inverse	Distance	Weight	algorithm.339	Using	this	technique,	

phase	values	of	unknown	points	on	the	3D	mesh	vertices	were	assigned	values	with	a	

weighted	average	of	known	points.339	The	interpolation	has	a	power	parameter,	which	

defines	the	number	of	known	points	used	to	calculate	phase	at	unknown	points.	For	

example,	a	power	parameter	of	4	uses	the	four	closest	known	phase	points	to	calculate	

the	interpolated	phase	value	(Figure	2.2).	For	the	purposes	of	this	study,	the	power	

parameter	was	set	to	4.	This	resulted	in	known	phase	values	from	the	Constellation	

electrode	recording	sites	being	interpolated	over	the	3D	mesh	vertices	and	resulted	in	

a	3D	phase	animation	where	phase	was	projected	onto	a	3D	surface.	This	technique	

allowed	phase	data	to	be	visualized	over	a	curved	surface.		
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Propagation	Pattern	Analysis		

Based	 on	 prior	 studies,	 propagation	 patterns	 were	 classified	 into	 four	

morphologies:72,73	 wavefronts,	 focal	 activity,	 rotors	 or	 disorganized	 activity.	 The	

number	 and	 direction	 of	wavefront	 propagation	was	 recorded	 for	 each	 activation.	

Wavefronts	were	classified	as	single	or	multiple.	Single	wavefronts	were	defined	as	

earliest	activity	at	a	discrete	electrogram	site	with	subsequent	linear	activation	of	>3	

adjacent	 electrograms	 at	 least	 2	 adjacent	 electrograms	wide.	 	 Multiple	wavefronts	

were	 defined	 as	 the	 presence	 of	 ≥2	 simultaneous	wavefronts	 activating	 in	 a	 linear	

fashion	fulfilling	the	same	abovementioned	criteria.	Focal	activations	were	defined	as	

earliest	activation	at	a	discrete	electrogram	site	with	centrifugal	wavefront	activation	

that	spreads	radially	a	distance	of	>3	electrograms	from	this	site.	A	rotor	was	defined	

as	the	presence	of	a	rotating	wavefront	with	at	least	2	complete	revolutions	of	360°.	

Rotors	 were	 considered	 sustained	 if	 present	 for	 >50	 cycles	 and	 transient	 if	 £50	

continuous	 rotations.62	Disorganized	 activity	was	 defined	 as	 a	 propagation	 pattern	

that	did	not	fulfill	the	criteria	for	a	wavefront	and	with	earliest	activation	occurring	

simultaneously	 at	 >2	 adjacent	 electrograms	 that	 propagated	 <3	 electrograms	 or	

activations	 that	 occurred	 as	 isolated	 beats	 dissociated	 from	 activation	 of	 adjacent	

electrograms.	

	

Percentage	 agreement	 in	 wavefront	 directionality	 of	 3D	 phase	 maps	 with	 3D	

activation	maps	was	determined	by	simultaneously	displaying	3D	activation	and	3D	

phase	maps	from	the	same	time	segment	of	the	same	patient	side	by	side.	The	number	

of	activations	the	wavefront	was	travelling	in	the	same	direction	in	both	the	3D	phase	

and	3D	activation	maps	was	divided	by	the	total	number	of	activations	for	a	given	time	

segment.		
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Statistical	Analysis	

All	statistical	analysis	was	performed	using	SPSS	software	version	23.0	(SPSS,	 IBM,	

Armonk,	NY,	USA).	Normality	of	all	quantitative	data	variables	was	checked	using	the	

Shapiro-Wilk	test.	Continuous	variables	are	reported	as	mean	±	standard	deviation,	

and	median	and	 interquartile	range	(IQR),	as	appropriate.	Categorical	variables	are	

reported	as	numbers	and	percentages.	Comparisons	of	propagation	patterns	between	

3D	activation	and	3D	phase	were	performed	using	ANOVA	with	patient	as	a	random	

effect.		A	p	value	<	0.05	was	considered	statistically	significant.	 	
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2.3	RESULTS	

	

Baseline	Characteristics	

14	 patients	 underwent	 LA	mapping	 using	 the	 Constellation	 basket	 catheter	 (Table	

2.1).	The	mean	age	was	62	±	7	years	and	50%	were	male.	Median	AF	duration	was	4.7	

years	(IQR	2,	6).	Mean	CHA2DS2VASc	score	was	1.4	±	1.	All	patients	either	had	normal	

or	mildly	reduced	left	ventricular	systolic	function.	60mm	basket	catheters	were	used	

in	3	(21%)	patients.	48mm	catheters	were	used	in	10	(71%).	The	38mm	catheter	was	

used	 in	1	patient.	 	 In	7	 (50%)	patients,	 a	 steerable	sheath	was	used	 to	aid	optimal	

basket	catheter	positioning.		

	

Validation	Of	Sinusoidal	Recomposition	And	Phase	Analysis	

Across	all	14	patients,	a	total	of	1595	activations	during	persistent	AF	were	used	in	

this	analysis.	There	was	strong	agreement	between	activation	times	determined	using	

traditional	activation	analysis	and	those	detected	by	phase	inversion	(R2	=	0.97).	There	

was	also	strong	agreement	between	beat-to-beat	AFCL	using	these	two	techniques	(R2	

=	0.91)	(Figure	2.3).	

	

Validation	Of	3D	Phase	Compared	To	3D	Activation	

Our	 initial	 analysis	 focused	 on	 validation	 of	 the	 3D	 phase	 mapping	 technique	 by	

comparing	 propagation	 patterns	 and	 wavefront	 directionality	 observed	 using	 3D	

phase	maps	with	3D	activation	maps	from	the	same	one	minute	segment	of	AF.	Across	

all	14	patients,	a	total	of	5038	activation	patterns	were	analyzed.	The	mean	AFCL	was	

185	±	107	ms.	In	each	of	the	14	patients,	both	3D	phase	and	3D	activation	mapping	

showed	that	AF	was	characterized	by	highly	dynamic	and	heterogeneous	patterns	of	
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activation	with	 transitions	 between	wavefronts,	 focal	 activations	 and	 disorganized	

activity.	An	example	of	these	highly	dynamic	activation	patterns	is	shown	in	Movie	2.1.	

In	this	patient,	single	wavefronts	were	observed	arising	from	different	locations	in	the	

LA,	 such	 as	 the	LAA,	 posterior	wall	 near	 each	of	 the	pulmonary	 veins	 and	 roof	 for	

variable	 number	 of	 activations	 interspersed	 with	 a	 short	 period	 of	 disorganized	

activity.	 Although	 wavefronts	 did	 not	 have	 clearly	 demarcated	 boundaries,	 broad	

wavefronts	generally	occupied	an	entire	atrial	aspect	(eg	posterior	wall,	Movie	2.2).	

			

Using	3D	activation	mapping,	the	overall	dominant	activation	pattern	was	single	broad	

wavefronts	 (51.1%)	 followed	 by	 apparent	 focal	 activations	 (35.3%),	 disorganized	

activity	(11.9%)	and	multiple	wavefronts	(1.7%).	A	similar	distribution	was	observed	

using	 3D	phase	mapping	with	 the	 dominant	 propagation	pattern	 also	 single	 broad	

wavefronts	 (50.2%)	 followed	 by	 apparent	 focal	 activations	 (35.5%),	 disorganized	

activity	 (12.4%)	 and	 multiple	 wavefronts	 (1.8%).	 Focal	 activations	 were	 not	

repetitive.		

	

The	distribution	of	propagation	patterns	observed	in	each	of	the	14	patients	is	shown	

in	 Figure	 2.4	 and	 Table	 2.2.	 Single	wavefronts	were	 the	 dominant	 pattern	 in	 each	

patient	 followed	 by	 isolated	 focal	 activations.	 Within	 each	 patient,	 there	 was	 no	

significant	 difference	 between	 3D	 activation	 and	 3D	 phase	 maps	 in	 the	 mean	

percentage	 of	 propagation	 patterns	 classified	 as	 single	 wavefronts	 (53.2	 ±	 12.0%	

versus	52.6	±	11.2%,	p	=	0.99),	isolated	focal	activations	(32.7	±	11.9%	versus	32.7	±	

11.1%,	p	=	0.26),	disorganized	activity	(11.6	±	10.7%	versus	11.8	±	10.0%,	p	=	0.76)	

or	multiple	wavefronts	(2.6	±	6.4%	versus	2.9	±	7.1%,	p	=	0.70).	Overall,	there	was	a	

mean	 92	 ±	 3%	 agreement	 in	 wavefront	 directionality	 of	 3D	 phase	 maps	 with	 3D	



	 118	

activation	maps.		An	example	of	this	close	agreement	in	wavefront	directionality	of	3D	

phase	maps	with	3D	activation	maps	is	shown	in	Movie	2.3.		

	

Propagation	Patterns	During	Prolonged	3D	Phase	Mapping		

Propagation	 patterns	 during	 prolonged	 6	 minute	 recordings	 of	 AF	 were	 analyzed	

using	 3D	 phase	 mapping.	 Across	 14	 patients,	 a	 total	 of	 30,947	 activations	 were	

evaluated.	Overall,	the	dominant	propagation	pattern	observed	was	single	wavefronts	

(50.2%),	followed	by	isolated	focal	activations	(33.4%),	disorganized	activity	(12.4%),	

transient	 rotors	 (2.3%)	 and	 multiple	 wavefronts	 (1.7%).	 The	 distribution	 of	

propagation	patterns	observed	in	each	of	the	14	patients	is	shown	in	Figure	2.5	and	

Table	2.3.	Within	each	patient,	single	wavefronts	were	the	dominant	pattern	followed	

by	 focal	 activations.	 On	 a	 per	 patient	 basis,	 the	 mean	 percentage	 of	 propagation	

patterns	 classified	 as	 single	wavefronts	was	 52.3	 ±	 10.6%,	 focal	 activations	 30.5	 ±	

10.8%,	disorganized	activity	12.3	±	10.3%,	multiple	wavefronts	2.7	±	6.6%	and	rotors	

2.3	±	3.6%.	

	

Transient	rotors	were	visualized	in	9/14	patients	(64%).	A	total	of	34	rotors	were	seen	

in	 the	14	patients.	The	median	number	of	 rotors	per	patient	was	1	 (IQR	1,	6).	The	

median	number	of	revolutions	per	rotor	was	4	(IQR	3,	6)	with	less	than	6	revolutions	

per	rotor	in	74%	of	cases.	The	mean	AFCL	during	the	rotor	formation	was	178	±	16	

ms.	Mean	rotor	duration	was	1.0	±	0.6	s.	Overall,	transient	rotational	activity	was	only	

observed	for	0.7%	of	the	total	recording	time.	In	4/9	(44%)	patients	with	rotational	

activity,	the	rotors	appeared	to	re-form	at	the	same	anatomical	location	(Movie	2.4).	

The	 mean	 time	 interval	 from	 cessation	 and	 formation	 of	 the	 rotor	 at	 the	 same	

anatomical	 location	 was	 18.2	 ±	 16.8	 s.	 3/9	 patients	 with	 rotational	 activity	 had	
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geographically	separated	rotors.	The	mean	time	interval	from	cessation	of	the	rotor	at	

one	anatomical	location	to	formation	at	another	site	was	41.2	±	36.5	s.	

	

An	example	of	a	rotor	can	be	seen	in	Figure	2.6	and	Movie	2.5.	Here	a	rotor	lasting	15	

clockwise	rotations	can	be	seen	propagating	around	the	base	of	the	LAA.	Immediately	

prior	to	the	formation	of	the	rotor,	a	single	wavefront	arising	from	the	base	of	the	LAA	

was	observed.	Termination	of	the	rotor	was	followed	by	disorganized	activity.	In	this	

case,	 the	 electrogram	 at	 the	 center	 of	 the	 rotor	 showed	 fractionated	 electrograms	

however	this	was	not	always	the	case.	Of	the	observed	rotors,	22/34	(65%)	had	CFAE	

at	the	center	of	the	rotor.	The	remaining	12/34	(35%)	did	not	have	CFAE	at	the	rotor	

center.		

	

Spatial	Distribution	Of	Rotors	

Rotors	were	most	commonly	observed	in	the	regions	adjacent	to	the	base	of	the	LAA	

(14/34)	and	adjacent	to	the	left	superior	pulmonary	vein	(LSPV)	(12/34).	Four	rotors	

were	seen	near	the	left	inferior	pulmonary	vein	(LIPV),	and	4	were	observed	near	the	

right-sided	pulmonary	veins	(2	rotors	each	near	 the	right	superior	pulmonary	vein	

(RSPV)	 and	 right	 inferior	 pulmonary	 vein	 (RIPV).	 Spatial	 analysis	 of	 the	 basket	

electrodes	showed	that	rotors	were	usually	observed	in	anatomical	areas	where	there	

was	a	higher	density	of	the	basket	electrode	splines.	In	these	areas,	the	median	inter-

electrode	distance	was	significantly	less	than	sites	where	no	rotors	were	observed	(7.4	

mm	[IQR	6.3,	14.6]	compared	to	15.3	mm	[IQR	10.1,	22.2],	p	<	0.001).	
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2.4	DISCUSSION	

	

Currently	available	systems	use	a	2D	technique	to	project	phase.	This	study	is	the	first	

to	perform	3D	phase	mapping	using	a	technique	that	takes	into	account	the	actual	3D	

location	of	the	basket	catheter	electrodes	and	the	patient’s	3D	LA	surface	geometry.	

The	main	findings	of	this	study	include:		

1. During	prolonged	3D	phase	mapping,	rotational	activity	was	observed	in	64%	

of	patients.	 	Rotors	were	transient	lasting	a	median	of	4	rotations	(IQR	3,	6).	

The	median	number	of	rotors	per	patient	was	1	(IQR	1,	6).		

2. Common	sites	of	rotor	visualisation	were	at	the	base	of	the	LAA	(41%),	near	

the	ostium	of	the	LSPV	(35%),	LIPV	(12%),	RSPV	(6%)	and	RIPV	(6%).		

3. In	4/9	(44%)	patients	with	rotors,	the	transient	rotors	re-formed	at	the	same	

anatomical	location.	The	mean	time	interval	from	the	cessation	and	formation	

of	the	rotor	at	the	same	anatomical	location	was	18.2	±	16.8	s.	

4. Rotors	 were	 only	 visualised	 in	 areas	 of	 relatively	 higher	 basket	 electrode	

density	where	the	inter-electrode	distance	was	shorter	compared	to	non-rotor	

sites.	

	

Mechanisms	Of	Human	Persistent	AF	

The	mechanisms	 that	 sustain	persistent	AF	 continue	 to	be	debated.	Recent	 studies	

using	different	techniques	have	observed	different	mechanisms	operative	in	human	

persistent	 AF.62,70,71,72,74,80,81,82	 High-density	 epicardial	 mapping	 studies	 have	

suggested	 that	 the	 mechanism	 may	 be	 due	 to	 multiple	 wavefronts	 with	 both	

longitudinal	 dissociation	 of	 muscle	 bundles80	 and	 epicardial-endocardial	

dissociation81-82	 while	 another	 study	 suggested	 the	 presence	 of	 multiple	 focal	
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drivers.74	 Neither	 of	 these	 studies	 detected	 rotors.	 One	 high-density	 epicardial	

mapping	study	demonstrated	the	presence	of	transient	rotors	which	tended	to	re-form	

at	the	same	anatomic	location.73		

	

Other	 approaches	 have	 attempted	more	 global	mapping	 of	 the	 atrium	 to	 guide	 an	

ablation	 strategy.	 Haissaguerre	 et	 al.	 using	 body	 surface	 mapping	 described	 the	

presence	of	driver	domains	of	which	80.5%	were	re-entry	and	19.5%	were	focal.71	Re-

entry	lasted	a	mean	of	2.6	rotations	only	but	tended	to	recur	at	the	same	anatomic	site.	

In	 a	 non-randomized	 study,	 ablation	 of	 driver	 domains	 alone	 terminated	 75%	 of	

persistent	AF	but	only	15%	of	long	lasting	persistent	AF.71	Narayan	et	al.	were	the	first	

to	describe	the	use	of	the	Constellation	basket	catheter	for	mapping	persistent	AF.62	

Using	 phase	 mapping,	 they	 made	 the	 seminal	 observation	 that	 persistent	 AF	 was	

maintained	by	1-2	 sustained	 rotors	 in	both	 the	 left	 and	 right	 atria.62	Targeting	 the	

centre	of	these	rotors	resulted	in	successful	acute	and	long	term	outcomes	in	up	to	

82%	 of	 patients	 with	 paroxysmal	 and	 persistent	 AF.63,64	While	 this	 data	 has	 been	

reproduced	 in	 other	 laboratories,66,333	 this	 has	 not	 been	 uniform.67,68,69	 One	 of	 the	

limitations	of	the	initial	iteration	of	this	technology	has	been	the	2D	display	of	the	atria	

with	all	the	inherent	assumptions	that	this	engenders.	Assuming	that	electrodes	are	

evenly	 distributed	 around	 the	 atrium,	 that	 they	 encompass	 the	 majority	 of	 the	

chamber	surface	area	and	can	be	represented	accurately	by	a	uniform	2D	grid	may	not	

always	be	the	case.		

	

In	the	current	study,	we	performed	phase	mapping	using	the	actual	anatomic	location	

of	 the	 electrograms	 in	 3D	 space.	 In	 6	 minute	 recordings,	 the	 dominant	 activation	

patterns	were	heterogeneous	consisting	of	rotors,	single	and	multiple	wavefronts	and	
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isolated	focal	activations.	Although	we	demonstrated	rotors	in	the	majority	of	patients,	

these	were	transient	with	a	median	of	4	rotations.		

	

The	 reasons	 for	 the	 differences	 in	 findings	 between	 the	 various	 studies	 remains	

unclear	and	is	likely	multifactorial.	A	recent	analysis	by	Alhusseini	et	al.	observed	the	

presence	of	sustained	rotational	activity	at	sites	of	AF	termination	with	ablation	using	

a	similar	phase	analysis	 technique	as	 in	our	study	but	with	 the	projection	of	phase	

using	 2D	 maps.340	 	 The	 difference	 in	 findings	 with	 our	 study	 may	 be	 due	 to	 the	

anatomic	and	spatial	assumptions	required	of	2D	phase	mapping.	These	include	the	

use	 of	 an	 8x8	 grid	 with	 equidistant	 electrodes	 and	 complete	 LA	 coverage.	 In	 our	

technique,	we	have	created	maps	using	the	actual	electrode	locations	in	3D	space	and	

in	 relation	 to	 patient-specific	 LA	 geometry.93	 In	 addition,	 the	 way	 phase	 data	 is	

interpolated	 and	 visualised	 may	 have	 a	 significant	 impact	 on	 the	 generation	 and	

interpretation	 of	 the	 phase	 maps.93	 Berenfeld	 and	 Oral,	 observed	 that	 as	 the	

interpolation	 algorithm	 is	 designed	 to	 show	 predominantly	 rotational	 activity,	

incorrect	 interpolation	 of	 phase	 may	 result	 in	 over-detection	 of	 rotors.105	 Cardiac	

motion	may	also	exacerbate	problems	associated	with	interpolation.		

	

Our	 results	 showing	 transient	 rotors	 which	 tend	 to	 reform	 at	 the	 same	 anatomic	

location	are	similar	to	those	reported	by	Haissaguerre	et	al.71	and	to	those	we	have	

previously	reported	using	epicardial	mapping.73	

	

Based	 on	 work	 by	 Kuklik	 et	 al.	 that	 found	 that	 the	 number	 of	 detected	 phase	

singularities	 increased	with	decreasing	 electrode	density	 resulting	 in	 false	positive	
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detections,341	we	did	not	perform	phase	singularity	mapping	given	the	possibility	of	

false	positive	detection	using	the	low	density	Constellation	basket	catheter.	

	

Spatial	Distribution	Of	Rotors	

In	the	current	study,	rotors	were	only	visualized	in	areas	where	there	was	a	relatively	

high	density	of	basket	electrodes	and	conversely	not	seen	in	regions	where	there	was	

a	paucity	of	electrodes.	Thus,	rotors	were	commonly	observed	at	the	base	of	the	LAA	

and	adjacent	to	the	LSPV.	They	were	infrequently	seen	near	the	right-sided	pulmonary	

veins	and	were	not	seen	at	the	septum.		The	anatomic	distribution	of	rotors	may	be	

explained	 by	 the	 better	 coverage	 of	 the	 basket	 catheter	 of	 the	 lateral	wall	 and	 an	

absence	 of	 contact	 with	 the	 septum	 and	 the	 impact	 of	 electrode	 density	 on	 rotor	

detection.	The	importance	of	electrode	density	was	reported	in	a	study	by	Walters	et	

al.	who	observed	that	low	electrode	density	overstates	the	prevalence	of	simple	broad	

linear	wavefront	activation	while	understating	the	prevalence	of	complex	activation	

patterns	and	rotors.342	The	development	of	new	basket	electrode	catheters	with	high	

electrode	 density	 and	 relatively	 uniform	 coverage	 of	 the	 atrium	 seems	 of	 critical	

importance	 in	 better	 understanding	 the	 mechanisms	 of	 persistent	 AF	 and	 may	

potentially	demonstrate	rotors	in	regions	not	observed	in	the	current	study.	

	

Limitations	

This	 is	 a	 small	 study	 designed	 to	 validate	 a	 novel	 3D	 phase	mapping	 approach	 to	

understand	the	mechanisms	underlying	human	persistent	AF.	As	such	the	sample	size	

precludes	definitive	conclusions	regarding	AF	mechanism.	Similarly,	since	we	did	not	

perform	 radiofrequency	 ablation	 at	 rotor	 sites,	 it	 remains	 unclear	 whether	 the	

transient	rotors	observed	were	critical	to	arrhythmia	maintenance.340	We	defined	a	
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rotor	as	the	presence	of	a	rotating	wavefront	with	at	least	2	complete	revolutions	of	

360°	consistent	with	prior	studies.	Distinguishing	a	rotor	compared	with	leading	circle	

or	 anatomically	 determined	 re-entry	 was	 beyond	 the	 resolution	 of	 our	maps.	 The	

limitations	of	 the	multi-electrode	basket	catheter	 in	 terms	of	electrode	density	and	

providing	uniform	atrial	coverage	have	been	discussed	above.		
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2.5	CONCLUSIONS	

	

3D	phase	mapping	of	persistent	AF	is	a	novel	technique	that	allows	phase	data	to	be	

visualized	on	patient-specific	 3D	LA	 surface	 geometry.	During	prolonged	3D	phase	

mapping,	transient	rotors	were	observed	in	64%	of	patients	and	re-formed	at	the	same	

anatomical	 location	 in	 44%	of	 patients.	 In	 addition,	 rotors	were	 only	 visualized	 in	

areas	of	relatively	higher	basket	electrode	density	where	the	inter-electrode	distance	

was	shorter	compared	to	non-rotor	sites.	
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2.6	TABLES	

Table	2.1.	Baseline	Characteristics	

 n = 14 

Age, years* 62 ± 7 

AF duration, years 4.7 (2-6) 

Male gender, n (%) 7 (50%) 

Hypertension, n (%) 3 (21%) 

Diabetes, n (%) 2 (14%) 

Ischaemic heart disease, n (%) 1 (7%) 

TIA/Stroke, n (%) 1 (7%) 

Ex-smoker, n (%) 2 (14%) 

CHA2DS2VASc score* 1.4 ± 1 

Left ventricular function  

      Normal, n (%) 11 (79%) 

      Mild, n(%) 3 (21%) 

Basket size  

      60 mm, n (%) 3 (21%) 

      48 mm, n (%) 10 (71%) 

      38 mm, n (%) 1 (7%) 

Steerable sheath (Agilis), n (%) 7 (50%) 

*presented as mean ± SD. TIA represents transient ischaemic stroke	
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Table	2.2.	Percentage	Of	Different	Propagation	Patterns	For	Each	Patient	During	One-Minute	Recordings	Of		

3D	Activation	And	3D	Phase	

 
Patient 3D Activation (1 min) (%) 3D Phase (1 min) (%) 

 SWF MWF FA DA R SWF MWF FA DA R 

1 88.3 0.0 10.0 1.7 0 82.8 0.0 10.9 6.3 0 

2 45.7 0.0 29.9 24.5 0 40.2 0.0 32.6 27.2 0 

3 45.2 0.0 41.5 13.3 0 49.6 0.0 38.5 11.9 0 

4 47.8 0.0 43.5 8.7 0 55.1 0.0 36.2 8.7 0 

5 42.7 0.0 40.8 16.6 0 36.3 0.0 43.9 19.7 0 

6 51.0 0.0 40.1 8.9 0 46.8 0.0 42.2 11.0 0 

7 45.1 0.0 15.7 39.2 0 54.9 0.0 9.8 35.3 0 

8 52.0 0.0 43.2 4.8 0 57.6 0.0 40.0 2.4 0 

9 58.8 0.0 36.8 4.4 0 64.0 0.0 31.6 4.4 0 

10 61.5 16.9 16.9 4.6 0 50.8 17.5 25.4 6.3 0 

11 62.0 18.3 19.7 0.0 0 52.2 21.7 26.1 0.0 0 

12 54.2 1.4 41.7 2.8 0 49.3 1.4 45.1 4.2 0 

13 45.1 0.0 40.2 14.7 0 52.0 0.0 37.0 11.0 0 

14 45.0 0.0 37.1 17.9 0 44.7 0.0 37.9 17.4 0 

SWF, single wavefronts; MWF, multiple wavefronts; FA, focal activity; DA, disorganized activity; R, rotors 
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Table	2.3.	Percentage	Of	Different	Propagation	Patterns	In	Each	Patient	During	Prolonged	3D	Phase	

Recordings	Of	Six	Minutes	

	
Patient Single 

Wavefronts 

Multiple 

Wavefronts 

Focal 

Activations 

Disorganized 

Activity 

Rotors % Rotors of 

Recording time 

1 82.5 0.0 10.4 5.9 1.2 0.2 

2 42.0 0.0 31.6 26.4 0.0 0.0 

3 51.3 0.0 36.3 11.2 1.3 0.3 

4 52.1 0.0 27.8 20.0 0.0 0.0 

5 34.4 0.0 40.9 18.4 6.4 2.8 

6 46.4 0.0 41.9 11.0 0.8 0.3 

7 53.4 0.0 10.1 36.4 0.0 0.0 

8 57.3 0.0 40.3 2.4 0.0 0.0 

9 57.6 0.0 26.7 3.7 12.0 4.0 

10 50.8 16.9 24.6 6.2 1.5 0.3 

11 49.7 19.6 23.6 0.0 7.1 1.4 

12 49.7 1.4 44.3 4.1 0.5 0.2 

13 55.0 0.0 34.1 10.1 0.7 0.3 

14 49.4 0.0 34.7 16.0 0.0 0.0 
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2.7	FIGURES	

	
Figure	2.1.		Summary	of	Analysis		

	

A	summary	of	the	analysis	performed	is	shown.	Continuous	six-minute	recordings	of	

persistent	AF	were	obtained	from	the	basket	catheter	in	each	patient.	Raw	unipolar	

and	 bipolar	 electrogram	 signals	 were	 exported	 for	 off-line	 signal	 processing	

(activation	and	phase	analysis).	Detailed	off-line	analysis	involved	the	following	three	

components:	

1. Validation	of	sinusoidal	recomposition	and	phase	analysis	by	comparing	beat-to-

beat	 AFCL	 calculated	 from	 activation	 timing	with	 that	 determined	 using	 phase	

inversion	in	the	same	20	second	segment	of	AF	for	each	patient.	

2. Validation	of	 the	novel	 3D	phase	mapping	 approach	by	 comparing	propagation	

patterns	 and	 wavefront	 directionality	 observed	 using	 3D	 phase	 maps	 with	 3D	

activation	maps	in	the	same	one	minute	segment	of	AF	for	each	patient.	

3. Determination	of	the	relative	frequency	of	rotors	and	other	dominant	propagation	

patterns	using	3D	phase	mapping	in	continuous	six	minute	recordings	of	AF	for	

each	patient.	
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Figure	2.2.	Interpolation	Using	3D	Phase	Mapping	
	
	

Panel	A.	A	close	up	view	of	the	Constellation	electrode	sites	(pink)	and	the	overlying	

3D	mesh	are	shown.	The	3D	mesh	is	formed	by	individual	vertices	that	are	connected	

by	edges	which	form	the	3D	surface	onto	which	activation	and	phase	are	projected.	

The	animation	takes	into	account	the	distance	of	the	electrode	from	the	3D	surface.	

For	 electrode	 sites	 (pink	 sphere)	distant	 from	 the	 surface	 geometry,	 the	 activation	

sphere	that	is	projected	will	have	a	small	radius	(orange	spheres)	and	additionally	the	

color	will	be	less	intense	(left	panel-	distance	of	electrode	from	3D	surface	>	2	cm).	

Sites	 that	 are	 closer	 to	 the	 3D	 surface	 will	 have	 a	 larger	 radius	 sphere	 (middle),	

whereas	sites	that	are	on	the	surface	will	have	the	largest	radius	sphere	and	will	be	

the	most	intense.		

	

As	shown	in	Panel	B,	given	the	scattered	nature	of	the	Constellation	electrode	points	

in	3D	space,	phase	at	each	point	was	interpolated	using	Shepard's	Inverse	Distance	

Weight	algorithm	which	is	a	deterministic	method	for	multivariate	interpolation	with	

a	known	scattered	set	of	points.	The	assigned	values	to	unknown	points	(yellow	circle)	

are	calculated	with	a	weighted	average	of	 the	values	available	at	 the	known	points	

(pink	circles).	The	interpolation	has	a	power	parameter,	which	defines	the	number	of	

known	 points	 used	 to	 calculate	 phase	 at	 unknown	 points.	 For	 example,	 a	 power	

parameter	of	2	uses	the	two	closest	known	phase	points	to	calculate	the	interpolated	

phase	 value	 (middle	 panel)	whereas	 a	 power	 parameter	 of	 3	would	 use	 the	 three	

closest	 known	 phase	 points	 to	 calculate	 the	 unknown	 point	 (right	 panel).	 For	 the	

purposes	of	this	study,	the	power	parameter	was	set	to	4.		
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Figure	 2.3.	 Comparison	 Of	 Activation	 Time	 And	 Beat-To-Beat	 AFCL	 Assessed	

Using	Sinusoidal	Recomposition	And	Phase	Inversion	With	Intrinsic	Deflection	

Activation	Annotation.	

	

1595	activations	during	persistent	AF	were	used	in	this	analysis.	Panel	A.	There	was	

strong	agreement	between	activation	 times	determined	using	 traditional	activation	

analysis	with	those	detected	using	phase	 inversion	(R2	=	0.97).	Panel	B.	 In	 terms	of	

beat-to-beat	AFCL,	there	was	also	strong	agreement	between	the	two	techniques	(R2	

=	0.91).	
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Figure	2.4.	Comparison	Of	Propagation	Patterns	Using	3D	Activation	And	3D	

Phase	Mapping	

	

Single	wavefronts	were	the	dominant	propagation	pattern	in	each	patient	followed	by	

focal	activations.	Within	each	patient,	there	was	no	significant	difference	between	3D	

activation	and	3D	phase	maps	in	mean	percentage	of	propagation	patterns	classified	

as	single	wavefronts	(53.2	±	12.0%	versus	52.6	±	11.2%,	p	=	0.99),	focal	activations	

(32.7	±	11.9%	versus	32.7	±	11.1%,	p	=	0.26),	disorganized	activity	 (11.6	±	10.7%	

versus	11.8	±	10.0%,	p	=	0.76)	and	multiple	wavefronts	(2.6	±	6.4%	versus	2.9	±	7.1%,	

p	=	0.70).		WF	refers	to	wavefronts.	

	

	

	

	 	



	 136	

	 	



	 137	

Figure	2.5.	Propagation	Patterns	During	Prolonged	3D	Phase	Mapping	

	

Single	wavefronts	were	the	predominant	subtype	of	propagation	pattern	followed	by	

isolated	focal	activations	across	all	patients	during	prolonged	3D	phase	mapping.	The	

mean	percentage	of	propagation	patterns	classified	as	single	wavefronts	was	52.3	±	

10.6%,	 focal	activations	was	30.5	±	10.8%,	disorganized	activity	was	12.3	±	10.3%,	

multiple	wavefronts	was	2.7	±	6.6%	and	rotors	was	2.3	±	3.6%.	Transient	rotors	were	

visualized	in	9/14	patients	(64%)	using	prolonged	3D	phase	mapping.		WF	refers	to	

wavefronts.	
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Figure	2.6.	Transient	Rotational	Activity	

	

Panel	A.	A	rotor	with	15	clockwise	rotations	was	observed	propagating	near	the	base	

of	the	LAA.	The	AFCL	during	rotor	formation	was	171	±	11	ms.	Panel	B.	The	position	

of	the	basket	catheter	electrodes	are	displayed	with	the	corresponding	representative	

raw	 electrograms	 and	 phase	 along	 the	 path	 of	 the	 rotor	 shown	 in	Panel	 C.	 In	 this	

example,	 the	 electrograms	 at	 the	 center	 of	 the	 rotor	 showed	 fractionated	 signals	

(Panel	D).	
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2.8	MOVIES	
	

The	following	movies	can	be	accessed	by	clicking	or	copying	the	link	below	into	your	

web	browser:	

https://www.dropbox.com/sh/xg6c7e3ntabfs4w/AADrj4VhZak3BviBdF_Nnlgya?dl=

0	

	

Movie	2.1.	3D	Activation	Map	Of	RSPV	Pacing	

	

In	this	example,	a	3D	activation	map	is	shown	of	pacing	from	the	RSPV.	The	lasso	

catheter	was	placed	inside	the	RSPV	and	pacing	was	performed.	The	3D	activation	

map	shows	the	wavefront	originating	in	the	RSPV	and	propagating	across	the	

posterior	wall	towards	the	left	sided	pulmonary	veins.	

	

Movie	2.2.	Heterogeneous	Activation	Patterns	

	

In	 each	of	 the	 study	patients,	 3D	activation	 and	3D	phase	maps	within	 the	 same	1	

minute	 time	 segments	 were	 characterized	 by	 highly	 dynamic	 and	 heterogeneous	

patterns	of	activation.	In	this	example,	a	single	wavefront	appears	to	arise	from	the	

LAA,	travel	across	the	roof	and	descend	the	posterior	wall	for	2	sequential	activations.	

This	is	followed	by	a	single	wavefront	that	arises	from	the	posterior	wall	near	the	LSPV	

and	travels	towards	the	right-sided	pulmonary	veins	for	2	activations.	Subsequently,	

there	is	a	single	wavefront	arising	near	the	LIPV	that	travels	transversely	towards	the	

right-sided	pulmonary	veins	for	4	activations.	A	single	wavefront	then	arises	near	the	

LSPV	 for	 12	 activations	 followed	 by	 a	 single	 wavefront	 arising	 in	 the	 roof	 region	
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between	the	LSPV	and	LAA	for	10	activations.	Subsequently,	there	is	a	short	period	of	

disorganized	 activity	 followed	 by	 an	 isolated	 single	 wavefront	 arising	 from	 the	

posterior	 LA	 near	 the	 RIPV.	 The	 next	 single	wavefront	 arises	 from	 near	 the	 RSPV	

followed	by	another	isolated	wavefront	from	near	the	RIPV.	

	

Movie	2.3.	Comparison	of	3D	Phase	and	3D	Activations	Maps	

	

There	was	a	mean	92	±	3%	agreement	in	wavefront	directionality	of	3D	phase	maps	

with	 3D	 activation	 maps.	 	 An	 example	 of	 this	 close	 agreement	 in	 wavefront	

directionality	is	shown.	In	both,	a	broad	single	wavefront	can	be	seen	originating	from	

the	right	sided	pulmonary	veins	travelling	across	the	posterior	wall	of	the	LA	towards	

the	left	sided	pulmonary	veins.		

	

Movie	2.4.	Rotor	Re-formed	At	The	Same	Anatomical	Location		

	

In	 4/9	 (44%)	 patients	 with	 rotors,	 the	 rotors	 appeared	 to	 re-form	 at	 the	 same	

anatomical	location.	In	this	example,	a	transient	rotor	was	observed	near	the	LSPV	and	

base	 of	 the	 LAA.	 The	 rotor	 breaks	 apart	 before	 re-forming	 at	 the	 same	 anatomical	

location.	

	

Movie	2.5.	Transient	Clockwise	Rotor	

	

Panel	A.	A	rotor	with	15	clockwise	rotations	can	be	seen	propagating	near	the	base	of	

the	LAA.	The	AFCL	during	rotor	formation	was	171	±	11	ms.	Panel	B.	The	position	of	

the	basket	catheter	electrodes	are	displayed	with	the	corresponding	representative	
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raw	 electrograms	 and	 phase	 along	 the	 path	 of	 the	 rotor	 shown	 in	Panel	 C.	 In	 this	

example,	electrograms	at	the	center	of	the	rotor	showed	fractionated	signals	(Panel	

D).	
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CHAPTER	THREE	

	

Absence	of	Rotational	Activity	Detected	Using	Two-

Dimensional	Phase	Mapping	In	Corresponding	Three-

Dimensional	Phase	Maps	In	Human	Persistent	Atrial	

Fibrillation	

	

	

3.1	INTRODUCTION		

	

The	 mechanism	 of	 persistent	 AF	 remains	 incompletely	 understood.	 Various	

investigators	using	different	mapping	techniques	have	observed	different	dominant	

activation	patterns.62,71,72,74,82	Recent	attention	has	focused	on	the	role	of	rotors	with	

both	 basic60	 and	 clinical	 studies62,71	 suggesting	 that	 rotors	 may	 act	 as	 drivers	 for	

persistent	AF.	For	example,	recent	work	using	2D	phase	mapping	and	the	Constellation	

basket	 catheter	 to	 endocardially	map	 AF	 identified	 a	 high	 prevalence	 of	 sustained	

rotors.62	Catheter	ablation	targeted	at	the	center	of	these	rotors	was	reported	to	be	

successful	 in	 acutely	 terminating	 AF63	 and	 maintaining	 sinus	 rhythm	 in	 the	 long	

term.64	 Whilst	 these	 promising	 findings	 have	 been	 reproduced	 in	 other	

laboratories,66,333	they	have	not	been	observed	uniformly.67,68,69	

	

One	of	the	limitations	of	the	current	version	of	this	mapping	system	has	been	the	use	

of	 an	 idealized	 2D	 representation	 of	 the	 atria	 which	may	 explain	 the	 discrepancy	
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between	these	studies.	The	current	2D	animation	assumes	that	the	electrodes	of	the	

basket	catheter	are	evenly	distributed	within	the	atria	and	as	such	phase	values	are	

animated	over	a	uniform	8x8	grid	of	evenly	spaced	electrodes	in	2D	phase	space.	As	

observed	by	Allessie	et	al.,	these	2D	representations	do	not	appear	to	take	into	account	

the	effect	of	π	in	relating	the	diameter	to	the	circumference	of	the	spherically	shaped	

basket	catheter343	or	the	relative	position	of	the	basket	electrodes	within	the	atria	or	

the	patient’s	 actual	 3D	 left	 atrial	 anatomy.	 	 These	 spatial	 assumptions	may	 lead	 to	

errors	 in	phase	 animation	 as	 the	 complexity	 and	 anatomic	 variability	 of	 the	 three-

dimensional	left	atrium	is	not	taken	into	consideration.	We	developed	a	novel	mapping	

technique	whereby	phase	 is	projected	onto	patient-specific	3D	 left	atrial	geometry,	

which	 takes	 into	 account	 the	 relative	 positions	 of	 the	 basket	 electrodes	 and	 the	

complex	curved	surfaces	of	the	LA	in	both	the	interpolation	and	visualization	of	the	

data.	

	

Using	this	technology,	we	sought	to	determine	whether	rotational	activity	observed	

using	2D	phase	mapping	was	present	at	corresponding	time	segments	and	anatomical	

locations	during	3D	phase	mapping	given	the	abovementioned	limitations	of	2D	phase	

mapping.		 	
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3.2	METHODS	

	

Patient	Population	

Fourteen	 patients	 with	 persistent	 AF	 referred	 for	 catheter	 ablation	 were	 studied.	

Persistent	AF	was	defined	as	 continuous	AF	 sustained	 for	greater	 than	7	days.3	All	

patients	gave	written	informed	consent	and	the	study	protocol	was	approved	by	the	

local	ethics	committee.	

	

Electrophysiology	Study	

Anti-arrhythmic	medications	were	discontinued	for	5	half-lives	before	the	procedure.	

All	patients	underwent	cardiac	CT.	All	cases	were	performed	under	general	anesthesia.	

Burst	atrial	pacing	was	used	to	induce	AF	in	patients	in	sinus	rhythm	at	the	time	of	the	

procedure.	 Double	 transeptal	 punctures	 were	 performed	 under	 TEE	 guidance	 to	

optimize	the	septal	crossing	at	the	mid	portion	of	the	septum.		

	

Creation	And	Registration	Of	The	3D	LA	Surface	Geometry		

3D	electroanatomical	mapping	was	performed	with	the	Ensite	Velocity	System	(NavX;	

St	Jude	Medical,	St	Paul,	MN).	The	LA	CT	was	segmented	using	the	Ensite	segmentation	

tool	Verismo™	to	create	a	3D	polygonal	mesh	model	of	the	LA	surface	anatomy.	After	

transeptal	puncture,	a	circular	mapping	catheter	was	used	to	create	a	patient-specific	

LA	 geometry.	 The	 3D	 polygonal	 mesh	 model	 was	 then	 registered	 with	 the	 NavX-

created	 LA	 geometry	 and	 NavX	 coordinate	 system	 using	 operator	 defined	 fiducial	

points.334	Once	the	registration	process	was	completed,	the	64	electrode	Constellation	

basket	catheter	(Boston	Scientific,	Natick,	MA)	was	introduced	into	the	LA	either	using	

the	8.5Fr	SL1	sheath	or	a	steerable	sheath	(Agilis;	St	Jude	Medical,	St	Paul,	MN).	
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Basket	Catheter	Selection	And	Deployment	

The	size	of	the	basket	catheter	(60	mm,	48	mm,	38	mm)	selected	was	based	on	the	LA	

size	in	the	pre-procedural	cardiac	CT	and	intra-operative	TEE.	In	all	patients,	a	larger	

basket	size	was	preferentially	selected	and	deployed.	Considerable	time	was	taken	to	

optimize	 the	 position	 of	 the	 basket	 catheter	 to	 improve	 electrode	 contact	 and	 LA	

coverage.		

	

Recording	Of	AF	Data	And	Signal	Processing	

Continuous	one-minute	recordings	of	AF	were	obtained	from	the	basket	catheter	in	

each	patient.	On	completion	of	the	clinical	case,	raw	unipolar	and	bipolar	electrograms	

were	exported	for	off-line	phase	analysis	using	Matlab	(Version	R2015,	Mathworks,	

Natick,	MA).	 In	addition,	 the	Cartesian	co-ordinates	of	 the	basket	 catheter	unipolar	

electrodes	 in	 3D	 space	 relative	 to	 the	 registered	 3D	 polygonal	 mesh	model	 of	 LA	

surface	anatomy	during	the	time	of	the	AF	recordings	as	well	as	the	3D	polygonal	mesh	

model	of	the	LA	surface	anatomy	were	exported.	

	

Summary	Of	Analysis		

Detailed	off-line	analysis	involved	the	following	components:	

1. Assessment	of	 the	 inter-spline	distance	between	neighbouring	electrodes	of	 the	

Constellation	basket	catheter.		

2. Determination	of	the	relative	frequency	of	dominant	propagation	patterns	in	one-

minute	 recordings	 of	 persistent	 AF	 in	 each	 patient	 (different	 time	 segment	 to	

Chapter	2)	using	2D	phase	mapping.		
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3. Evaluation	 of	 rotational	 activity	 observed	 during	 2D	 phase	 mapping	 at	

corresponding	time	segments	and	anatomical	locations	using	3D	phase	mapping.		

	

Inter-Spline	Distance	Analysis	

The	inter-spline	distance	was	defined	as	the	distance	between	adjacent	splines	of	the	

basket	catheter.	The	Constellation	basket	catheter	 is	 labeled	such	 that	 the	unipolar	

electrode	closest	 to	 the	distal	pole	 is	numbered	1	and	consecutively	 increases	 to	8	

moving	towards	the	proximal	pole.	The	Cartesian	version	of	Pythagoras’	theorem	can	

be	used	to	calculate	the	distance	between	two	points	in	3D	space	using	the	Cartesian	

co-ordinates.344	 The	 Cartesian	 co-ordinates	 of	 each	 of	 the	 unipolar	 electrodes	was	

acquired	every	1	millisecond	 for	 the	one-minute	 recording.	Using	 this	 formula,	 the	

inter-spline	distance	at	each	of	these	eight	electrode	positions	was	calculated.		

	

Phase	Analysis	

Sinusoidal	 recomposition	 method	 for	 instantaneous	 phase	 reconstruction	 and	

analysis	was	used	and	can	be	summarized	in	the	following	steps:	(i)	electrogram	was	

transformed	 using	 sinusoidal	 recomposition,	 (ii)	 Hilbert	 transformation	 of	 the	

recomposed	sinusoids	followed	by	(iii)	calculation	of	instantaneous	phase.103	Far-field	

ventricular	 signals	 were	 subtracted	 from	 the	 raw	 electrograms	 using	 a	 template-

matching	algorithm	prior	to	sinusoidal	recomposition.	

	

Animation	Of	2D	Phase	

2D	 phase	 maps	 were	 created	 using	 Matlab.	 Phase	 values	 at	 each	 electrode	 were	

projected	onto	a	2D	representation	of	the	LA	where	the	chamber	was	opened	along	

the	 equator	 with	 the	 mitral	 annulus	 reflected	 superiorly	 and	 inferiorly	 similar	 to	
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previous	studies	using	2D	phase	analysis.62	The	2D	phase	maps	were	created	using	the	

assumption	 that	 the	 basket	 catheter	 electrodes	 were	 arranged	 as	 an	 8x8	 grid	 of	

uniformly	spaced	electrodes	within	the	LA.	Cubic	spline	interpolation	was	used	in	all	

examples	 for	 2D	 phase	mapping.	 Cubic	 spline	 interpolation	 is	 a	 form	 of	 piecewise	

interpolation	 which	 avoids	 the	 problem	 of	 oscillations	 between	 data	 points	 when	

interpolating	 high	 degree	 polynomials	 resulting	 in	 a	 smoother	 interpolating	

function.345	

	

Animation	Of	3D	Phase	

Phase	data,	catheter	location	data	and	the	3D	polygonal	mesh	model	were	imported	

into	 customized	3D	 animation	 software	 (RMHeartMap3D).	 The	3D	polygonal	mesh	

provided	 the	 spatial	 construct	 on	which	phase	was	 animated.	As	 the	3D	polygonal	

mesh	 model	 was	 registered	 relative	 to	 the	 location	 of	 the	 Constellation	 catheter	

deployed	within	 the	 LA	 at	 the	 time	 of	 geometry	 registration,	 the	 distance	 of	 each	

electrode	to	the	registered	surface	geometry	was	known.		

	

Phase	 data	 from	 each	 electrode	 site	was	 projected	 to	 the	 nearest	 point	 on	 the	 3D	

geometry.	Given	the	scattered	nature	of	the	basket	electrode	points	in	3D	space,	phase	

at	 each	 point	was	 interpolated	within	 a	 radial	 region	 around	 each	 electrode	 using	

Shepard's	Inverse	Distance	Weight	algorithm.339	Using	this	technique,	phase	values	of	

unknown	 points	 on	 the	 3D	 mesh	 vertices	 were	 assigned	 values	 with	 a	 weighted	

average	of	known	points.	The	interpolation	has	a	power	parameter,	which	defines	the	

number	of	known	points	used	to	calculate	phase	at	unknown	points.	For	example,	a	

power	 parameter	 of	 4	 uses	 the	 four	 closest	 known	 phase	 points	 to	 calculate	 the	

interpolated	phase	value.	For	the	purposes	of	this	study,	the	power	parameter	was	set	
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to	4.	This	resulted	in	known	phase	values	from	the	basket	electrode	recording	sites	

being	interpolated	over	the	3D	mesh	vertices	and	resulted	in	a	3D	phase	animation	

where	phase	was	projected	onto	a	curved	3D	surface.		

	

Propagation	Pattern	Analysis		

Based	 on	 prior	 studies,	 propagation	 patterns	 were	 classified	 into	 four	

morphologies:72,73	 wavefronts,	 focal	 activity,	 rotors	 or	 disorganized	 activity.	

Wavefronts	were	classified	as	single	or	multiple.	Single	wavefronts	were	defined	as	

earliest	activity	at	a	discrete	electrogram	site	with	subsequent	linear	activation	of	>3	

adjacent	 electrograms	 at	 least	 2	 adjacent	 electrograms	 wide.	 Multiple	 wavefronts	

were	defined	as	 the	presence	of	≥	2	simultaneous	wavefronts	activating	 in	a	 linear	

fashion	fulfilling	the	same	abovementioned	criteria.	Focal	activations	were	defined	as	

earliest	activation	at	a	discrete	electrogram	site	with	centrifugal	wavefront	activation	

that	spreads	radially	a	distance	of	>	3	electrograms	from	this	site.	A	rotor	was	defined	

as	 the	 presence	 of	 a	 rotating	 wavefront	 with	 ≥	 2	 complete	 revolutions	 of	 360°.	

Disorganized	 activity	 was	 defined	 as	 a	 propagation	 pattern	 that	 did	 not	 fulfil	 the	

criteria	 for	a	wavefront	and	with	earliest	activation	occurring	simultaneously	at	>2	

adjacent	electrograms	that	propagated	<3	electrograms	or	activations	that	occurred	

as	isolated	beats	dissociated	from	activation	of	adjacent	electrograms.	

	

Assessment	Of	Rotational	Activity	Detected	In	2D	Phase	Maps	Using	3D	Phase	Mapping	

In	patients	in	whom	rotational	activity	was	observed	during	2D	phase	mapping,	the	

presence	of	rotors	at	the	same	anatomical	location	and	time	segment	during	3D	phase	

mapping	was	determined.	Importantly,	the	same	phase	values	used	for	the	generation	
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of	2D	phase	maps	were	imported	into	the	RMHeart3DMap	software	for	animation	of	

3D	phase	maps.	

	

Statistical	Analysis	

All	statistical	analysis	was	performed	using	SPSS	software	version	23.0	(IBM,	Armonk,	

NY).	 Normality	 of	 all	 quantitative	 data	 was	 checked	 using	 the	 Shapiro-Wilk	 test.	

Continuous	variables	are	reported	as	mean	±	standard	deviation	and	median	and	IQR,	

as	 appropriate.	 Categorical	 variables	 are	 reported	 as	 numbers	 and	 percentages.	

Comparison	of	continuous	variables	was	performed	using	the	Independent	Samples	

T-Test	for	2	groups	for	normalized	data.	A	p	value	<	0.05	was	considered	statistically	

significant.	 	
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3.3	RESULTS	

	

Baseline	Characteristics	

Fourteen	patients	underwent	LA	mapping	using	the	basket	catheter	(Table	2.1).	The	

mean	age	was	62	±	7	years	old	and	50%	were	male.	Mean	CHA2DS2VASc	score	was	1.4	

±	1.	Median	AF	duration	was	4.7	years	(IQR	2,	6).	The	38	mm	basket	catheter	was	used	

in	1	patient	(8%),	the	48	mm	catheter	in	10	(71%)	and	the	60	mm	catheter	in	3	(21%)	

patients.	In	7/14	(50%)	patients,	a	steerable	sheath	was	used.		

		

Inter-Spline	Distance	

There	was	marked	 variability	 in	 the	median	 3D	 inter-spline	 distance	 according	 to	

electrode	position	on	the	basket	catheter	(Figure	3.1).	The	distribution	of	the	median	

inter-spline	 distance	 across	 the	 different	 electrodes	 reflected	 the	 curvature	 of	 the	

spline	 of	 the	 basket	 catheter	with	 the	 least	 distance	 at	 the	 distal	 pole	 at	 electrode	

position	 1	 (10.6	mm	 [IQR	 6.8,	 14.1])	 and	 the	 greatest	 at	 the	 equator	 at	 electrode	

position	7	(18.4	mm	[IQR	11.4,	24.8]).	

	

Propagations	Patterns	Using	2D	Phase	Mapping	

Across	all	14	patients,	a	 total	of	5176	activation	patterns	were	analyzed.	The	mean	

AFCL	 was	 192	 ±	 103	 ms.	 Propagation	 patterns	 were	 highly	 dynamic	 and	

heterogeneous	with	evidence	of	wavefronts,	focal	activations	and	rotational	activity	

interspersed	with	periods	of	disorganized	activity.	There	was	marked	variation	in	the	

propagation	 patterns	 observed	 between	 patients	 (Table	 3.1,	 Figure	 3.2).	 In	 8/14	

(57%)	patients,	 the	predominant	subtype	of	propagation	pattern	was	 isolated	focal	

activations.	In	the	remaining	6/14	(43%),	single	wavefronts	were	the	most	common.	
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On	a	per	patient	basis,	the	mean	percentage	of	propagation	patterns	classified	as	single	

wavefronts	was	36.6	±	8.3%,	focal	activations	34.0	±	8.6%,	disorganized	activity	23.7	

±	6.1%,	rotors	3.3	±	3.4%	and	multiple	wavefronts	2.4	±	3.9%.	

	

Detection	Of	Rotational	Activity	Using	2D	Phase	Mapping	

Rotors	were	observed	in	9/14	(64%)	patients.	A	total	of	10	rotors	were	seen.	Rotors	

were	observed	either	in	the	region	near	the	left	superior	pulmonary	vein	(7/10)	or	the	

right	inferior	pulmonary	vein	(3/10).	The	mean	AFCL	during	rotor	formation	was	207	

±	 11	ms.	 The	median	 number	 of	 rotors	 per	 patient	was	 1	 (IQR	 1,	 1).	 The	median	

number	of	revolutions	was	5	(IQR	4,	6)	with	<	6	revolutions	per	rotor	in	80%	of	cases.	

The	mean	rotor	duration	was	1.1	±	0.7	s.	Of	the	10	rotors,	4	(40%)	had	CFAE	at	the	

center	of	the	rotor.		

	

Analysis	Of	Rotors	Detected	In	2D	Phase	Maps	During	Corresponding	3D	Phase	Maps	

Of	 the	 10	 transient	 rotors	 seen	 in	 2D	 phase	 maps,	 none	 were	 observed	 in	 the	

corresponding	patient,	time	segments	and	anatomical	locations	in	3D	phase	maps.	In	

4/10	rotors	observed	in	2D	phase	maps,	only	single	wavefronts	were	seen	at	the	same	

time	segment	and	anatomical	 location	 in	3D	phase	maps	(Figure	3.3,	Movie	3.1).	 In	

3/10,	based	on	the	actual	3D	locations	of	the	basket	catheter	electrodes,	there	was	no	

coverage	by	the	basket	catheter	of	the	corresponding	3D	anatomical	locations	of	the	

2D	phase	detected	rotors	sites.	 In	1/10,	disorganized	activity	was	observed	(Figure	

3.4,	Movie	3.2)	and	in	2/10,	two	simultaneous	wavefronts	(Figure	3.5,	Movie	3.3)	were	

seen	in	3D	phase	maps	at	2D	phase	detected	rotor	sites.	As	shown	in	the	example	in	

Figure	3.5	and	Movie	3.3,	a	rotor	was	observed	using	2D	phase	mapping	rotating	near	

the	 left	 common	pulmonary	vein	 (LCPV).	However,	3D	phase	mapping	at	 the	 same	
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time	 segment	 and	 anatomical	 location	 demonstrated	 the	 presence	 of	 two	 separate	

wavefronts	with	one	wavefront	propagating	superiorly	along	the	posterior	wall	and	

another	wavefront	travelling	from	the	roof	towards	the	LAA	and	LCPV.			

	

Analysis	Of	Rotational	Activity	In	3D	Phase	Maps	

In	 the	 same	 one-minute	 segment	 of	 data	 using	 3D	 phase	 mapping,	 8	 rotors	 were	

observed.	The	median	number	of	rotors	per	patient	was	2	(IQR	1,	3).	All	rotors	were	

transient	with	a	median	of	4	rotations	per	rotor	(IQR	3,	5).	Anatomically,	these	rotors	

were	found	adjacent	to	the	left	superior	(4/8)	and	left	inferior	(2/8)	pulmonary	veins	

as	well	as	adjacent	to	the	base	of	the	LAA	(2/8).	Of	the	8	rotors	seen	using	3D	mapping,	

none	of	these	rotors	were	observed	during	2D	phase	mapping	at	the	corresponding	

time	segment	and	anatomical	location.	
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3.4	DISCUSSION	

	

The	main	findings	of	this	study	include:	

1. Transient	rotors	observed	in	2D	phase	maps	were	not	observed	at	the	same	time	

segment	and	anatomical	location	in	corresponding	3D	phase	maps.	

2. Wavefronts	 (single	 and	multiple)	 or	 disorganized	 activity	were	 observed	 in	 3D	

phase	maps	at	2D	phase	detected	rotor	sites.	

3. In	some	cases,	the	anatomic	sites	at	which	rotors	were	detected	in	2D	maps	were	

found	 to	 have	 no	 basket	 coverage	 when	 using	 actual	 electrode	 location	 in	 3D	

anatomic	space.		

	

Mechanisms	Of	Human	Persistent	AF	

The	mechanisms	that	sustain	persistent	AF	remain	uncertain	and	are	the	subject	of	

ongoing	debate	and	investigation.	62,71,72,74,82	Recent	work	has	focused	on	the	role	of	

the	 rotors	with	 both	 basic60	 and	 clinical	 studies	 suggesting	 that	 rotors	may	 act	 as	

drivers	for	persistent	AF.62,71	Using	2D	phase	mapping,	Narayan	et	al.	made	the	seminal	

observation	 that	 persistent	 AF	 was	maintained	 by	 stable	 rotors.62	 Radiofrequency	

ablation	at	the	centre	of	the	rotors	resulted	in	successful	acute	termination	of	AF63	and	

long	 term	 freedom	 from	 AF.64	 Although	 other	 centres	 have	 reproduced	 these	

findings,66,333	these	results	have	not	been	uniformly	observed.67,68,69		

	

2D	phase	mapping	is	associated	with	a	number	of	anatomical	assumptions	which	may	

at	 least	 in	 part	 explain	 the	 disparate	 results	 reported.343	 Electrodes	 of	 the	 basket	

catheter	are	assumed	to	be	located	uniformly	in	an	8x8	evenly	spaced	grid	which	in	

the	current	study	was	shown	not	to	reflect	the	actual	electrode	positioning	in	3D	space	
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or	 the	 considerable	 variations	 in	 LA	 anatomy.	 We	 developed	 a	 novel	 3D	 phase	

mapping	technique	whereby	phase	is	projected	onto	patient-specific	3D	LA	geometry	

which	takes	into	account	the	relative	3D	locations	of	the	basket	catheter	electrodes	

and	the	complex	curved	surfaces	of	the	LA	in	both	the	interpolation	and	visualization	

of	the	data.	Using	this	methodology,	we	observed	that	rotors	demonstrated	using	2D	

phase	 mapping	 were	 not	 observed	 in	 corresponding	 3D	 phase	 maps	 in	 the	 same	

patient,	time	segment	and	anatomical	site.		

	

Absence	Of	Rotors	Observed	During	2D	Phase	In	Corresponding	3D	Phase	Maps	

10	transient	rotors	were	observed	in	9/14	(64%)	patients	using	2D	phase	mapping.	

These	2D	phase	mapping	detected	rotors	either	represented	wavefronts	(single	and	

multiple)	 or	 disorganized	 activity	 during	 3D	 phase	 mapping.	 These	 differences	

between	2D	and	3D	phase	mapping	likely	reflect	that	2D	phase	maps	are	based	on	an	

idealized	2D	representation	of	LA	anatomy	which	does	not	appear	to	take	into	account	

the	 relative	 3D	 locations	 of	 the	 basket	 catheter	 electrodes	 and	 individual	 patient	

variation	in	LA	anatomy.343	One	of	the	key	assumptions	of	2D	phase	mapping	is	that	

there	is	complete	coverage	of	the	LA	by	the	basket	catheter.	However,	we	observed	

that	 in	3/10	rotors	detected	with	2D	phase	mapping,	there	was	no	coverage	by	the	

basket	catheter	at	the	corresponding	3D	anatomical	location	of	these	rotors.		

	

Effect	Of	Inter-Spline	Distance	On	Propagation	Patterns	Using	2D	Phase		

There	 was	 marked	 variability	 in	 the	 inter-spline	 distance	 according	 to	 electrode	

position	on	the	basket	catheter.	The	least	distance	was	at	the	distal	pole	(10.6	mm)	

and	 the	 greatest	 at	 the	 equator	 (18.4	mm).	 Based	 on	 the	 assumption	 of	 2D	 phase	

mapping	that	the	electrodes	are	arranged	as	a	uniform	grid,	the	inter-spline	distance	
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should	be	5-6	mm	as	this	is	the	inter-electrode	distance	(center	to	center)	depending	

on	 the	 size	 of	 the	 basket	 catheter.	 Therefore,	 2D	 phase	 mapping	 assumes	

approximately	half	to	a	third	of	the	true	inter-spline	distance	(5-6	mm	as	opposed	to	

10.6	mm	and	18.4	mm	respectively)	but	with	the	same	local	activation	time,	thereby	

effectively	reducing	the	conduction	velocity	by	half	to	a	third.		

	

The	marked	variability	in	the	inter-spline	distance	also	has	significant	implications	on	

the	interpolation	of	phase	and	visualizations	of	activation	patterns.	Figure	3.6	shows	

the	 locations	 of	 the	 electrodes	 in	 2D	 phase	 space	 when	 using	 an	 8x8	 grid	

representation	(panel	C)	compared	to	the	location	of	the	electrodes	in	2D	phase	space	

when	the	relative	positions	of	the	electrodes	were	taken	into	consideration	(panel	D).	

Using	the	8x8	grid,	all	phase	values	will	be	interpolated	across	the	same	fixed	distance	

regardless	of	the	actual	distance	between	adjacent	sites.	This	geometric	assumption	

leads	to	warping	of	both	spatial	and	temporal	relationships	between	mapped	points	

and	 may	 explain	 why	 rotors	 seen	 with	 2D	 phase	 mapping	 were	 not	 observed	 in	

corresponding	3D	phase	maps.	A	possible	future	solution	is	to	project	phase	onto	the	

actual	relative	positions	of	the	electrodes	in	2D	space	to	allow	for	differences	in	inter-

electrode	distance	on	phase	interpolation	or	project	phase	directly	onto	a	3D	surface	

as	has	been	used	in	the	current	study.		

	

Implications	

Our	findings	have	significant	implications	for	the	use	of	2D	phase	mapping	to	visually	

identify	rotors	in	order	to	guide	ablation.	Such	an	approach	may	lead	to	ablation	at	

sites	where	there	was	limited	basket	catheter	coverage	or	where	rotor	activity	cannot	

be	confirmed	in	3D	phase	maps.	Our	observations	may	in	part	explain	the	disparate	
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findings	 from	multiple	 studies	which	 have	 investigated	 the	 ablation	 of	 rotors	 sites	

using	a	2D	phase	mapping	approach.66,67,68,69,333		

	

Limitations	

The	 technology	and	algorithm	used	 in	 the	current	study	 to	generate	phase	maps	 is	

likely	to	differ	from	other	studies.62	However,	a	recent	analysis	which	compared	the	

phase	 analysis	 technique	 used	 in	 our	 study340	 to	 an	 alternative	 phase	 analysis	

method62	observed	rotational	activity	with	spatial	concordance	in	all	cases	and	similar	

rotational	characteristics	between	the	methods.103	In	addition,	since	ablation	was	not	

performed	at	rotor	sites	in	our	study,	it	remains	unclear	whether	the	transient	rotors	

observed	were	critical	to	arrhythmia	maintenance.		
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3.5 	CONCLUSIONS	

	

Rotational	activity	observed	with	2D	phase	mapping	was	not	seen	in	corresponding	

time	 segments	 and	 anatomical	 locations	 with	 3D	 phase	 mapping.	 These	 findings	

suggest	that	the	multiple	assumptions	inherent	in	a	regular	2D	8x8	grid	representation	

of	the	basket	catheter	lead	to	incorrect	and	misleading	patterns	on	phase	maps.	These	

observations	 are	 likely	 to	 have	 significant	 implications	 for	 the	 use	 of	 2D	 phase	

mapping	to	identify	and	ablate	rotors.	
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3.6	TABLES	

	
Table	3.1.	Percentage	Of	Different	Propagation	Patterns	For	Each	Patient	During	2D	Phase	Mapping	

 
Patient 2D Phase (%) 

 SWF MWF FA DA R 

1 54.8 0 21.0 17.7 6.5 

2 32.8 3.1 33.3 28.2 2.6 

3 26.9 0 45.5 27.6 0 

4 27.7 9.6 36.1 19.3 7.2 

5 28.0 0 46.0 23.6 2.5 

6 36.3 0 38.0 23.4 2.3 

7 41.0 0 19.7 39.3 0 

8 26.5 5.3 40.9 27.3 0 

9 44.1 0 25.2 19.7 11.0 

10 45.7 11.4 24.3 14.3 4.3 

11 44.2 0 31.2 18.2 6.5 

12 31.8 4.6 37.1 23.8 2.6 

13 34.0 0 41.0 25.0 0 

14 38.9 0 36.1 25.0 0 

SWF, single wavefronts; MWF, multiple wavefronts; FA, focal activity; DA, disorganized activity; R, rotors 
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3.7	FIGURES	

	

Figure	3.1.	Median	Inter-Spline	Distance	

	

There	was	marked	variability	 in	 the	median	 inter-spline	distance	with	 the	greatest	

median	 distance	 at	 electrode	 position	 7	 at	 the	 equator	 (18.4	mm)	 and	 the	 least	 at	

electrode	position	1	at	the	distal	pole	(10.6	mm).	
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Figure	3.2.	Distribution	Of	Propagation	Patterns	Using	2D	Phase	Mapping 
	

On	a	per	patient	basis,	the	mean	percentage	of	propagation	patterns	classified	as	single	

wavefronts	was	36.6	±	8.3%,	focal	activations	34.0	±	8.6%,	disorganized	activity	23.7	

±	6.1%,	rotors	3.3	±	3.4%	and	multiple	wavefronts	2.4	±	3.9%.	
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Figure	3.3.	Single	Wavefronts	In	3D	Phase	Map	At	The	Site	of	2D	Phase	Detected	

Rotors	

	

In	Panels	A-D,	 a	 transient	clockwise	rotor	 (4	 rotations)	was	observed	 involving	 the	

LSPV	 and	 posterior	wall	 (white	 arrows)	 in	 2D	 phase	maps.	 However,	 as	 shown	 in	

Panels	 E-F,	 in	 corresponding	 3D	phase	maps	 in	 the	 same	patient	 at	 the	 same	 time	

segment	 and	 anatomical	 locations,	 single	 wavefronts	 arising	 near	 the	 LSPV	 were	

observed	propagating	towards	the	right	sided	pulmonary	veins	(black	arrows).	
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Figure	3.4.	Disorganized	Activity	In	3D	Phase	Map	at	2D	Phase	Rotor	Site	
	

In	Panels	A-D,	a	transient	rotor	(5	rotations)	was	observed	in	2D	phase	maps	involving	

the	posterior	wall	(white	arrows).	However,	in	corresponding	3D	phase	maps	shown	

in	Panels	E-F	in	the	same	patient,	time	segment	and	anatomical	location,	disorganized	

activity	was	observed.	
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Figure	3.5.	Two	Simultaneous	Wavefronts	In	3D	Phase	Map	At	Site	of	2D	Phase	

Rotor	

	

Panel	 A-D.	 A	 transient	 clockwise	 rotor	 (9	 rotations)	 was	 observed	 with	 2D	 phase	

mapping	rotating	near	the	LCPV	(white	arrows).	Panel	E-H.	3D	phase	mapping	at	the	

same	 time	 segment	 and	 anatomical	 location	 showed	 the	 presence	 of	 two	 separate	

wavefronts	 with	 one	 wavefront	 propagating	 superiorly	 on	 the	 posterior	 wall	 and	

another	wavefront	travelling	from	the	roof	towards	the	LCPV	and	LAA	(black	arrows).			
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Figure	3.6.	Assumed	and	Actual	Locations	of	Basket	Catheter	Electrodes	

	

In	Panel	A,	a	LAO	fluoroscopic	image	of	the	basket	catheter	deployed	within	the	LA	is	

shown.	In	Panel	B,	the	3D	locations	of	the	electrodes	projected	onto	the	patient’s	3D	

LA	geometry	mesh	is	shown.	Panel	C.	Based	on	the	assumption	of	2D	phase	mapping,	

the	 basket	 catheter	 electrodes	 were	 arranged	 as	 an	 8x8	 grid	 of	 evenly	 spaced	

electrodes	within	the	LA.	By	applying	a	simple	geometric	transformation	from	3D	to	

2D,	the	actual	3D	relative	locations	of	the	electrode	sites	in	Panel	B	were	re-plotted	in	

2D	 space	 in	 Panel	 D.	 Consequently,	 the	 location	 of	 the	 electrodes	 was	 different	

between	Panel	 C	 and	Panel	D	when	 the	 actual	 3D	 locations	 of	 the	 electrodes	were	

considered.	 Similarly,	 there	was	marked	 variation	 in	 the	 inter-spline	 distance.	 For	

example,	 the	 inter-spline	 distance	 between	 electrodes	 C6-D6	 based	 on	 the	

assumptions	of	2D	phase	mapping	was	much	shorter	in	Panel	C	compared	to	Panel	D	

when	the	actual	3D	electrode	locations	were	taken	into	consideration.		
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3.8	MOVIES	

	

The	following	movies	can	be	accessed	by	clicking	or	copying	the	link	below	into	your	

web	browser:	

https://www.dropbox.com/sh/b2k3u4sfmkfc7ls/AAA2phIfXLgyx2woZnRmqcy5a?d

l=0		

	

Movie	3.1.	Single	Wavefronts	In	3D	Phase	Map	At	Site	of	2D	Phase	Detected	Rotor	

	

In	the	2D	phase	map	on	the	left,	a	transient	rotor	(4	rotations)	was	observed	involving	

the	LSPV	and	posterior	wall	(blue	arrows).	However,	as	shown	in	the	3D	phase	map	

on	the	right	in	the	same	patient	at	the	corresponding	time	segment	and	anatomical	

location,	single	wavefronts	arising	near	the	LSPV	were	observed	propagating	towards	

the	right	sided	pulmonary	veins	(white	arrows).	

	

Movie	3.2.	Disorganized	Activity	In	3D	Phase	Map	at	2D	Phase	Detected	Rotor	

Site	

	

A	transient	rotor	(5	rotations)	was	observed	in	the	2D	phase	map	of	the	left	involving	

the	posterior	wall	of	the	LA	(blue	arrows).	However,	in	the	corresponding	3D	phase	

map	 on	 the	 right,	 in	 the	 same	 patient,	 time	 segment	 and	 anatomical	 location,	

disorganized	activity	was	observed.	
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Movie	3.3.		Two	Simultaneous	Wavefronts	In	3D	Phase	Map	At	Site	Of	2D	Phase	

Detected	Rotor	

	

A	transient	clockwise	rotor	(9	rotations)	was	observed	in	the	2D	phase	maps	on	the	

left	rotating	near	the	LCPV	(blue	arrows).	However,	3D	phase	maps	shown	on	the	right	

at	the	same	time	segment	and	anatomical	location	did	not	observe	rotational	activity,	

but	 the	 presence	 of	 two	 separate	 wavefronts	 with	 one	 wavefront	 propagating	

superiorly	 on	 the	 posterior	 wall	 and	 another	 wavefront	 travelling	 from	 the	 roof	

towards	the	LCPV	and	LAA	(white	arrows).			
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CHAPTER	FOUR	

	

The	Efficacy	Of	Multipolar	Basket	Catheters	In	Mapping	

The	Entire	Left	Atrium	In	Human	Persistent	Atrial	

Fibrillation	

	

4.1 INTRODUCTION	
	

The	mechanism	of	persistent	AF	remains	elusive.	Various	investigators	using	different	

mapping	 techniques	 have	 observed	 different	 dominant	 mechanisms.62,71,72,74,80,81,82	

Using	 epicardial	mapping,	 reported	mechanisms	 include	 focal	 drivers,74	 epicardial-

endocardial	 dissociation81-82	 or	 transient	 rotational	 activity.72	 However,	 epicardial	

mapping	studies	are	limited	by	the	narrow	field	of	view	of	epicardial	mapping	plaques	

which	 may	 potentially	 miss	 rotational	 activity.346	 In	 an	 attempt	 to	 overcome	 this	

limitation,	 recent	 studies	 have	 utilized	 a	 more	 global	 approach	 of	 endocardially	

mapping	 the	 atria	with	 the	Constellation	basket	 catheter	 (Boston	Scientific,	Natick,	

MA).62,70		

	

Using	 the	Constellation	basket	 catheter	with	2D	phase	mapping,	 stable	 rotors	have	

been	 identified	 in	 a	majority	 of	 cases62	 and	 ablation	 at	 the	 center	 of	 the	 rotor	 has	

resulted	 in	 successful	 acute	 termination	of	AF63	 and	 long	 term	 freedom	 from	AF.64	

However,	 these	 results	 have	 not	 been	 observed	 uniformly.67,68,69	 It	 is	 possible	 that	

technological	 limitations	 of	 the	 basket	 catheter	 may	 explain	 the	 discrepancy	 in	
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findings.	A	key	assumption	of	 this	 technique	 is	 that	all	 the	electrodes	of	 the	basket	

catheter	are	in	contact,	that	the	basket	catheter	provides	symmetric	global	coverage	

of	the	entire	LA	and	that	none	of	the	splines	are	located	within	the	mitral	annulus	or	

the	ventricle.	

	

Furthermore,	with	the	use	of	the	Constellation	basket	catheter	in	a	recent	study	using	

an	alternative	3D	mapping	technique,70	an	understanding	of	the	technical	limitations	

of	the	Constellation	basket	catheter	is	increasingly	important	in	order	to	appropriately	

evaluate	the	findings	of	these	different	mapping	approaches	based	on	this	same	tool.	

We	therefore	sought	to	evaluate	the	efficacy	of	the	64	electrode	Constellation	basket	

catheter	in	mapping	the	LA	in	patients	with	persistent	AF.		 	
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4.2	METHODS	
	

Patient	Population	

Fourteen	 patients	 with	 persistent	 AF	 undergoing	 catheter	 ablation	 were	 studied.	

Persistent	AF	was	defined	as	 continuous	AF	 sustained	 for	greater	 than	7	days.3	All	

patients	gave	written	informed	consent	and	the	study	protocol	was	approved	by	the	

Melbourne	Health	Research	and	Human	Ethics	Committee.	

	

Electrophysiology	Study	

Anti-arrhythmic	medications	were	discontinued	for	5	half-lives	prior	to	the	procedure.		

All	 patients	underwent	 cardiac	CT.	TEE	was	performed	 in	 all	 patients	 immediately	

before	the	commencement	of	the	procedure	to	exclude	LA	thrombus.	All	cases	were	

performed	under	general	anesthesia.	A	Decapole	catheter	was	placed	in	the	CS	and	a	

Hexapole	 catheter	 at	 the	 His	 location.	 	 For	 patients	 in	 sinus	 rhythm	 at	 time	 of	

procedure,	burst	atrial	pacing	was	used	to	 induce	AF.	 	Double	transeptal	punctures	

were	performed	under	TEE	guidance	to	optimize	the	septal	crossing	at	the	mid	portion	

of	the	septum.	8Fr	and	8.5Fr	SL1	sheaths	were	advanced	into	the	LA	for	the	circular	

mapping	 and	 ablation	 catheters	 respectively.	 All	 patients	 were	 administered	

intravenous	heparin	to	maintain	ACT	>	300	s	prior	to	transeptal	puncture.		

	

Creation	And	Registration	Of	The	3D	Left	Atrial	Surface	Geometry	

3D	electroanatomical	mapping	was	performed	with	the	Ensite	Velocity	System	(NAVX;	

St	 Jude	Medical,	 St	 Paul,	 MN).	 	 The	 left	 atrial	 CT	 was	 segmented	 using	 the	 Ensite	

segmentation	tool	Verismo™	to	create	a	3D	polygonal	mesh	model	of	the	LA	surface	

anatomy.	 A	 circular	 mapping	 catheter	 was	 used	 to	 create	 a	 patient	 specific	 LA	
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geometry.	Field	Scaling	was	applied	to	the	completed	detailed	geometry	to	adjust	for	

the	nonlinearity	of	the	geometry	that	occurs	as	a	result	of	local	changes	in	impedance	

fields.	The	3D	polygonal	mesh	model	was	then	registered	with	the	NavX-created	LA	

geometry	and	NavX	coordinate	system	using	operator	defined	fiducial	points.334	Once	

the	 registration	 process	 was	 complete,	 the	 Constellation	 basket	 catheter	 was	

introduced	into	the	LA.		

	

Basket	Catheter	Selection,	Positioning	and	Deployment	

The	Constellation	basket	catheter	was	advanced	into	the	LA	using	either	the	8.5Fr	SL1	

sheath	or	a	steerable	sheath	(Agilis;	St	Jude	Medical,	St	Paul,	MN).		The	Constellation	

basket	 catheter	 is	 spherically	 shaped	 and	 consists	 of	 8	 splines	 with	 a	 total	 of	 64	

unipoles	or	56	bipoles.		60	mm,	48	mm	and	38	mm	basket	catheters	were	used	in	the	

study.	The	size	of	the	basket	catheter	selected	was	based	on	the	LA	size	in	the	pre-

procedural	cardiac	CT	as	well	as	the	intra-operative	TEE.	In	all	patients,	a	larger	basket	

size	was	preferentially	 selected	and	deployed	 in	 the	LA.	 If	 the	basket	 catheter	was	

found	to	be	too	large	to	fit	into	the	LA	and	allow	full	deployment,	the	basket	catheter	

was	subsequently	replaced	with	a	smaller	sized	catheter.	The	location	of	the	basket	

catheter	within	the	LA	was	determined	using	the	Ensite	Velocity	3D	mapping	system	

and	cardiac	CT	scan.		

	

Considerable	 time	was	 taken	 to	 optimize	 the	 positioning	 of	 the	 basket	 catheter	 to	

improve	electrode	contact	and	coverage	of	the	LA.	Once	the	best	position	for	the	basket	

catheter	 had	 been	 achieved,	 continuous	 six-minute	 recordings	 of	 AF	 at	 2034	 Hz	

sampling	were	 obtained	 from	 the	 basket	 catheter	 located	 in	 the	 LA	 only.	 Unipolar	

signals	were	referenced	to	the	indifferent	electrode	in	the	IVC.	
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Recording	Of	AF	Data	And	Signal	Processing	

Continuous	 six-minute	 recordings	of	AF	were	obtained	 from	 the	basket	 catheter	 in	

each	patient.	On	completion	of	the	clinical	case,	raw	unipolar	and	bipolar	electrograms	

were	 exported	 for	 off-line	 signal	 processing	 using	 MATLAB	 (Version	 R2015,	

Mathworks	 Inc,	 Natick,	 MA,	 USA).	 In	 addition,	 the	 Cartesian	 co-ordinates	 of	 the	

Constellation	catheter	unipolar	electrodes	 in	3D	space	relative	to	the	registered	3D	

polygonal	mesh	model	of	the	LA	surface	anatomy	during	the	time	of	the	AF	recording	

were	exported.		

	

Signal	Quality	Analysis	

The	percentage	of	unipolar	and	bipolar	electrodes	with	adequate	 signal	quality	 for	

annotation	was	determined.		As	per	prior	work	by	Benharash	et	al.,347	an	electrogram	

with	 adequate	 signal	 quality	was	defined	 as	 one	 in	which	 the	 local	 activation	 time	

could	be	manually	annotated	at	any	gain	setting.	The	effect	of	using	a	steerable	sheath	

on	 signal	 quality	was	 also	 determined.	 In	 addition,	 the	 percentage	 of	 unipolar	 and	

bipolar	electrodes	with	far-field	ventricular	signals	was	calculated.			

	

Proximity	To	Endocardial	Surface	Analysis	

The	Cartesian	version	of	Pythagoras’s	theorem	can	be	used	to	calculate	the	distance	

between	two	points	in	3D	space	using	the	Cartesian	co-ordinates.344	The	Cartesian	co-

ordinates	of	each	of	the	unipolar	electrodes	of	the	basket	catheter	in	3D	space	were	

acquired	every	10	milliseconds	for	the	entire	duration	of	the	six	minute	AF	recording.	

Using	 the	 abovementioned	 formula	 and	 360,000	 measurements	 (every	 10	

milliseconds	 for	 6	 minutes),	 the	 distance	 between	 the	 unipolar	 electrodes	 of	 the	
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Constellation	basket	catheter	and	the	endocardial	surface	(based	on	the	3D	polygonal	

mesh	model	of	the	LA	surface	anatomy)	was	calculated.	The	percentage	of	unipolar	

electrodes	 within	 2	mm	 of	 the	 endocardial	 surface	 was	 then	 determined	 for	 each	

patient.	 In	 addition,	 the	 effect	 of	 using	 a	 steerable	 sheath	 on	 proximity	 to	 the	

endocardial	surface	was	obtained.		

	

Coverage	Of	The	Left	Atrium	By	The	Basket	Catheter	

The	 percentage	 of	 the	 LA	 surface	 area	mapped	was	 defined	 as	 the	 surface	 area	 of	

electrodes	within	 2	mm	 of	 the	 endocardial	 surface	with	 an	 interpolation	 of	 8	mm	

divided	by	the	total	surface	area	of	the	LA.	The	pulmonary	veins	were	not	included	in	

surface	area	measurements	of	the	LA.	 	The	effect	of	using	a	steerable	sheath	on	the	

percentage	of	LA	surface	area	mapped	was	also	determined.	Furthermore,	the	LA	was	

divided	 into	 four	 regions	 (septum,	 anterior	 wall,	 posterior	 wall,	 lateral	 wall)	 and	

regional	analysis	was	performed	to	determine	which	of	these	regions	were	covered	by	

the	basket	catheter.		

	

Statistical	Analysis	

All	statistical	analysis	was	performed	using	SPSS	software	version	23.0	(SPSS,	 IBM,	

Armonk,	NY,	USA).	Normality	of	all	quantitative	data	variables	was	checked	using	the	

Shapiro-Wilk	 test.	Continuous	variables	are	reported	as	mean	±	standard	deviation	

and	median	and	IQR,	as	appropriate.	Categorical	variables	are	reported	as	numbers	

and	 percentages.	 Comparison	 of	 continuous	 variables	 was	 performed	 using	 the	

Independent	Samples	T	test	for	2	groups	for	normalized	data.	A	p	value	<	0.05	was	

considered	statistically	significant.	
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4.3	RESULTS	

	

Baseline	Characteristics	

Fourteen	 patients	 underwent	 LA	 mapping	 using	 the	 Constellation	 basket	 catheter	

(Table	2.1).	The	mean	age	was	62	±	7	years	and	50%	were	male.	Median	AF	duration	

was	4.7	years	(IQR	2,	6).	Mean	CHA2DS2VASc	score	was	1.4	±	1.	All	patients	either	had	

normal	or	mild	left	ventricular	systolic	dysfunction.	The	60	mm	basket	catheters	were	

used	in	3	(21%)	patients.	The	48	mm	catheters	were	used	in	10	(71%).	The	38	mm	

catheter	was	used	in	1	patient.	 	In	7	(50%)	patients,	a	steerable	sheath	was	used	to	

guide	basket	catheter	positioning.		

	

Signal	Quality	Analysis	

Of	the	56	bipolar	electrograms,	a	mean	of	25	±	8	(45%)	had	suitable	signal	quality	to	

allow	annotation.	There	was	no	significant	difference	in	signal	quality	with	the	use	of	

a	steerable	sheath	compared	to	a	SL1	sheath	(mean	22	±	7	versus	27	±	5,	p	=	0.16).	

Examples	of	bipolar	electrograms	recorded	by	the	basket	catheter	are	shown	in	Figure	

4.1.	Panel	A	shows	sharp	discrete	bipolar	signals	which	could	be	annotated.	However,	

in	Panel	B,	there	is	a	far	field	signal	with	noise	which	could	not	be	annotated.	A	mean	

of	 14	±	 3	 (25%)	bipolar	 electrodes	 had	predominantly	 far	 field	 ventricular	 signals	

equating	 to	approximately	2	out	of	 the	8	 splines	 floating	within	 the	mitral	 annular	

region	which	was	confirmed	anatomically	with	CT	localization.		

	
	
Analysis	 of	 unipolar	 electrograms	 from	 the	 basket	 catheter	 was	 complicated	 by	

significant	noise	and	far-field	ventricular	signals.	Of	the	64	unipolar	electrograms,	a	

mean	of	8	±	5	(12%)	had	suitable	signal	quality	for	annotation	despite	extraction	of	
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the	ventricular	signal.	As	highlighted	in	Figure	4.2,	the	bipolar	electrogram	consisted	

of	sharp	discrete	signals	which	were	able	to	be	annotated.	However,	the	corresponding	

unipoles	from	the	same	time	segment	in	the	same	patient	had	poor	quality	signals	with	

noise	and	far-field	ventricular	signals	which	could	not	be	annotated.	Furthermore,	62	

±	 2	 (98%)	 of	 the	 electrograms	 contained	 far-field	 ventricular	 signals.	 As	 shown	 in	

Figure	 4.2	 (Panel	 D),	 even	 on	 splines	 located	 at	 the	 roof	 of	 the	 LA	 confirmed	

anatomically	with	CT	localisation,	there	were	far-field	ventricular	signals.			

	

Proximity	To	Endocardial	Surface	Analysis	

The	mean	number	of	unipolar	electrodes	within	2	mm	of	the	endocardial	surface	was	

33	±	8	(52%).	There	was	no	significant	difference	in	the	number	of	unipolar	electrodes	

within	2	mm	of	the	endocardial	surface	with	the	use	of	a	steerable	sheath	(mean	31	±	

8	unipoles	with	Agilis	sheath	versus	mean	35	±	9	unipolar	electrodes	with	SL1	sheath,	

p	=	0.43)	(Figure	4.1,	Panel	D).	

	

Coverage	Of	The	Left	Atrium	By	The	Basket	Catheter	

The	overall	mean	percentage	of	the	LA	surface	area	mapped	by	the	basket	catheter	

was	22	±	6%.	The	coverage	of	the	LA	by	the	Constellation	basket	catheter	in	each	of	

the	14	patients	is	shown	in	Figure	4.3	(Panel	A).	There	was	no	significant	difference	in	

the	 percentage	 of	 the	 LA	 surface	 area	mapped	with	 the	 use	 of	 a	 steerable	 sheath	

compared	with	the	SL1	sheath	(mean	22	±	7%	versus	mean	22	±	6%,	p	=	0	.97)	(Figure	

4.3,	Panel	B).		

	

Regional	analysis	of	LA	coverage	by	the	basket	catheter	found	that	the	lateral	wall	was	

covered	in	9/14	(64%)	patients	however	the	septum	was	not	mapped	in	any	patients.	
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The	anterior	wall	was	covered	in	8/14	(57%)	and	the	posterior	wall	in	6/14	(43%).	

(Figure	4.3,	Panel	C).	In	addition,	Movie	4.1	highlights	the	preferential	coverage	by	the	

basket	catheter	of	the	anterior	and	lateral	walls	of	the	LA	with	an	absence	of	coverage	

of	the	septal	wall.		
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4.4	DISCUSSION	

	

The	main	findings	of	this	study	include:	

1. There	 is	 poor	 electrode	 contact	 and	 signal	 quality	 of	 the	 Constellation	 basket	

catheter.		

2. Unipolar	signals	were	complicated	by	far	field	ventricular	signals	and	noise.	

3. The	 Constellation	 basket	 catheter	 provides	 limited	 coverage	 of	 the	 LA	 with	

preferential	coverage	of	anterior	and	lateral	walls	and	absence	of	contact	with	the	

septum.		

	

Mechanisms	Of	Human	Persistent	Atrial	Fibrillation	

The	mechanisms	of	persistent	AF	remain	elusive.	Recent	work	has	centred	on	the	role	

of	 rotors	 as	 drivers	 of	 persistent	 AF.59,60,62,95	 Using	 2D	 phase	 mapping	 and	 the	

Constellation	 basket	 catheter	 to	 endocardially	map	 the	 atria,	 a	 high	 prevalence	 of	

sustained	rotors	was	observed	in	patients	with	AF.62	Ablation	at	the	center	of	the	rotor	

was	associated	with	successful	acute	termination	of	AF63	and	long	term	freedom	from	

AF.64	 Whilst	 these	 findings	 have	 been	 reproduced	 in	 other	 laboratories,65,66	 these	

observations	 have	 not	 been	 uniform.67,68,69	 Technological	 limitations	 of	 the	 basket	

catheter	may	be	the	reason	for	the	discrepancy	in	findings	between	these	studies.	In	

particular,	 it	 is	 unclear	 whether	 the	 basket	 catheter	 provides	 symmetric	 global	

mapping	that	can	be	reliably	represented	in	2D.		In	addition,	such	a	mapping	technique	

makes	 various	 assumptions	 regarding	 the	 basket	 catheter.	 It	 assumes	 that	 all	 the	

electrodes	are	in	contact	and	that	the	catheter	provides	global	coverage	of	the	LA.		In	

our	study	evaluating	 the	spatial	characteristics	of	 the	basket	catheter,	we	observed	

significant	limitations	of	the	catheter	in	terms	of	electrode	contact,	signal	quality	and	



	 183	

coverage	 of	 the	 LA.	 	 These	 findings	 have	 important	 clinical	 implications	 given	

currently	available	mapping	systems	use	the	basket	catheter	and	an	awareness	of	the	

limitations	of	this	mapping	tool	 is	essential	 in	 interpreting	findings	from	diagnostic	

and	therapeutic	approaches	based	on	this	catheter.62,70	

	

Signal	Quality	And	Electrode	Contact	

Our	study	found	that	only	approximately	50%	of	unipolar	electrodes	were	within	2	

mm	 of	 the	 endocardium	 surface	 and	 just	 under	 50%	 of	 bipolar	 electrograms	 had	

adequate	signal	quality	for	annotation	despite	considerable	effort	to	achieve	optimal	

basket	 catheter	 positioning.	 This	 finding	 is	 consistent	with	 data	 from	 the	 study	 by	

Benharash	et	al.	which	found	that	just	under	50%	of	electrodes	had	adequate	signal	

quality.347	

	

Furthermore,	despite	 the	use	of	steerable	sheath	 to	guide	positioning	of	 the	basket	

catheter,	there	was	no	difference	in	signal	quality	or	percentage	of	electrodes	within	2	

mm	of	 the	endocardial	surface	compared	with	the	SL1	sheath.	This	 finding	 is	 likely	

explained	 by	 the	 inherent	 design	 of	 the	 Constellation	 basket	 catheter	 where	 the	

proximal	insertion	point	of	all	the	splines	is	located	quite	septal.	This	means	that	when	

the	tip	of	the	sheath	is	located	within	the	LA,	there	is	partial	collapse	or	pinching	of	the	

proximal	portion	of	the	basket	catheter	preventing	full	deployment.	Retracting	the	tip	

of	the	sheath	into	the	right	atrium	so	that	it	is	now	located	proximal	to	the	proximal	

insertion	point	of	the	basket	catheter	allowed	full	deployment	of	the	basket	catheter.	

However,	once	a	sheath	is	placed	in	the	right	atrium,	it	loses	its	function	as	a	steerable	

sheath	in	guiding	basket	catheter	position.	This	likely	explains	why	a	steerable	sheath	
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made	no	significant	difference	in	terms	of	signal	quality,	contact	and	coverage	of	the	

LA.	

	

Basket	Catheter	Coverage	Of	The	Left	Atrium	

Only	22%	of	the	LA	surface	area	was	mapped	based	on	the	electrodes	being	within	2	

mm	 of	 the	 endocardial	 surface	 with	 an	 8	 mm	 interpolation	 between	 adjacent	

electrodes.	 The	 percentage	 of	 LA	 surface	 area	mapped	 in	 our	 study	was	markedly	

lower	than	the	study	by	Benharash	et	al.	which	described	a	mean	of	54	±	15%	of	LA	

surface	area	mapped.347	This	difference	can	most	likely	be	explained	by	the	different	

definition	of	 contact.	Our	 study	defined	 contact	 as	within	2	mm	of	 the	 endocardial	

surface	whereas	Benharash	et	al.	used	a	definition	of	within	10	mm	of	the	endocardial	

surface.	In	addition,	we	used	an	interpolation	of	8	mm	between	adjacent	electrodes,	

Benharash	et	al.	did	not	describe	their	interpolation.		

	

In	 terms	of	regional	coverage	of	 the	LA	by	the	basket	catheter,	 the	 lateral	wall	was	

mapped	by	the	basket	catheter	in	the	majority	of	patients	(67%).	However,	the	septum	

was	 not	 mapped	 in	 any	 of	 the	 cases.	 This	 finding	 is	 most	 likely	 explained	 by	 the	

inherent	 design	 of	 the	 Constellation	 basket	 catheter	 in	 which	 the	 distribution	 of	

electrodes	along	the	curvature	of	each	spline	is	skewed	towards	the	distal	pole	which	

means	 that	 there	 are	 no	 electrodes	 located	 on	 the	 proximal	 one-third	 to	map	 the	

septum.	 Simply	 moving	 the	 basket	 catheter	 more	 septally	 therefore	 is	 unlikely	 to	

overcome	this	issue	given	the	absence	of	electrodes	proximally.		
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Limitations	

The	 Constellation	 catheter	 was	 the	 only	 basket	 catheter	 evaluated	 in	 this	 study.	

Therefore,	the	limitations	of	multi-electrode	basket	catheters	in	providing	global	LA	

mapping	described	 in	 this	 chapter	 are	 limited	 to	 the	Constellation	basket	 catheter.		

Analysis	of	 signal	quality	was	based	on	 the	 identification	of	 sharp,	discrete	bipolar	

electrograms.	It	is	therefore	possible	that	the	presence	of	endocardial	scar	may	have	

been	interpreted	as	poor	contact.	
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4.5	CONCLUSIONS	

	

The	64	electrode	Constellation	basket	catheter	does	not	provide	global	LA	mapping	

with	 approximately	 50%	 of	 electrodes	 in	 contact	 with	 the	 endocardium	 and	 only	

approximately	20%	of	the	LA	surface	area	mapped.	This	has	significant	implications	

for	 the	way	 in	which	activation	patterns	are	 interpreted.	The	development	of	more	

sophisticated	basket	catheters	which	provide	better	coverage	of	the	LA,	signal	quality	

and	contact	are	necessary.	
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4.6	TABLES		
	

Table	4.1.	Summary	Of	The	Spatial	Characteristics	Of	The	Basket	Catheter	In	Each	Patient	
 
 

Patient	 Bipolar	
electrograms	
with	suitable	
signal	quality	

(%)	

Unipolar	
electrograms	
with	suitable	
signal	quality	

(%)	

Far	field	
ventricular	
signals	on	
bipolar	

electrograms	
(%)	

Far	field	
ventricular	
signals	on	
unipolar	

electrograms	
(%)	

Unipolar	
electrograms	
within	2mm	

of	
endocardial	
surface	(%)	

Left	atrial	
surface	area	
mapped	(%)	

1	 50	 14	 23	 100	 42	 19	

2	 50	 13	 25	 100	 69	 13	

3	 42	 6	 27	 100	 53	 15	

4	 50	 9	 29	 94	 39	 21	

5	 58	 12	 25	 95	 41	 23	

6	 37	 19	 18	 100	 47	 23	

7	 33	 13	 20	 91	 44	 22	

8	 63	 13	 30	 100	 64	 37	

9	 40	 6	 20	 100	 44	 24	

10	 63	 36	 14	 100	 63	 26	

11	 27	 11	 36	 100	 59	 18	

12	 29	 5	 25	 92	 48	 18	

13	 38	 6	 23	 100	 77	 30	

14	 38	 6	 23	 100	 30	 16	
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4.7	FIGURES	

	

Figure	4.1.	Signal	Quality	Of	The	Constellation	Basket	Catheter	

	

Examples	of	bipolar	electrograms	recorded	by	the	basket	catheter	are	shown.	Panel	A.	

This	is	an	example	of	a	discrete	sharp	electrogram	that	could	be	annotated.	Panel	B.	

This	is	an	example	of	a	far-field	electrogram	complicated	by	noise	which	could	not	be	

annotated.	 	There	was	no	significant	difference	 in	the	number	of	bipolar	electrodes	

with	suitable	signal	quality	for	annotation	(Panel	C)	or	the	number	of	electrodes	within	

2	mm	of	the	endocardial	surface	(Panel	D)	with	the	use	of	a	steerable	sheath	compared	

with	a	SL1	sheath.		

	
	 	A.	Discrete	Sharp	Electrogram	

B.	Far-field	Electrogram	



	 189	

	

	

	 	

C	

D	
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Figure	4.2.		Signal	Quality	Of	Unipolar	Electrograms	

	

Analysis	 of	 unipolar	 electrograms	 from	 the	 basket	 catheter	 was	 complicated	 by	

significant	noise	and	far-field	ventricular	signals.		Only	a	mean	of	8	±	5	(12%)	unipolar	

electrodes	 had	 suitable	 signal	 quality	 for	 annotation	 despite	 extraction	 of	 the	

ventricular	signal.	62	±	2	(98%)	of	the	unipolar	electrograms	had	far-field	ventricular	

signals.	Panel	A.	Example	of	a	bipolar	electrogram	which	is	sharp,	discrete	and	multi-

component	that	could	be	annotated.	Panel	B	and	C.	Example	of	unipolar	electrograms	

corresponding	to	the	same	bipole	as	Panel	A	from	the	same	patient	and	time	segment.	

The	 electrograms	 are	 poor	 quality	 with	 significant	 noise	 and	 far-field	 ventricular	

signals.	 	Panel	 D.	 98%	 of	 the	 unipolar	 electrograms	 contained	 far-field	 ventricular	

signals.	 	 Even	 on	 splines	 located	 at	 the	 roof	 of	 the	 LA	 (E1	 and	 E4),	 confirmed	

anatomically	with	CT	localisation,	there	were	far-field	ventricular	signals.	
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	 	 A.	Bipole	G3-4	

B.	Unipole	G3	

C.	Unipole	G4	
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Unipole	E1	 Unipole	E4	

Spline	E	

D	
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Figure	4.3.	Coverage	Of	The	Left	Atrium	By	The	Constellation	Basket	Catheter		

	

Panel	A.	The	coverage	of	the	LA	by	the	Constellation	basket	catheter	is	shown	in	each	

of	 the	 14	 patients.	 	 The	 numbers	 in	 each	 of	 the	 boxes	 correspond	 to	 the	 different	

patients.	 In	 each	 patient,	 an	 AP	 view	 and	 left	 lateral	 view	 is	 shown	 of	 the	 basket	

catheter	within	the	LA.	*Refers	to	use	of	an	Agilis	sheath	to	position	basket	catheter.	

Panel	 B.	 There	 was	 no	 significant	 difference	 in	 the	 percentage	 of	 LA	 surface	 area	

mapped	with	the	use	of	a	steerable	sheath.		Panel	C.	Regional	analysis	of	the	LA	showed	

that	the	septum	was	not	mapped	in	any	of	the	patients	studied	
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4.8	MOVIES	
	

The	following	movies	can	be	accessed	by	clicking	or	copying	the	link	below	into	your	

web	browser:	

https://www.dropbox.com/sh/wp95771wiz5dd07/AACfAX-

QLIp5Gzi2Mjqp6mwaa?dl=0	

	

Movie	4.1.	Coverage	Of	The	Left	Atrium	By	The	Basket	Catheter	

	

This	movie	highlights	the	preferential	coverage	of	the	lateral	and	anterior	walls	of	the	

left	atrium	by	the	basket	catheter	with	poor	and	absent	coverage	of	the	posterior	wall	

and	 septum	 respectively.	 In	 addition,	 the	 marked	 variability	 in	 the	 inter-spline	

distance	is	also	demonstrated.	In	this	example,	there	is	crowding	of	the	splines	along	

the	 roof	 of	 the	 left	 atrium	with	wide	 separation	 of	 splines	 along	 the	 anterior	 and	

posterior	walls.	
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CHAPTER	FIVE	

	

New	Insights	Into	An	Old	Arrhythmia:	High	Resolution	

Mapping	Demonstrates	Conduction	And	Substrate	

Variability	In	Right	Atrial	Macro-Reentrant	Tachycardia	

	
	

5.1	INTRODUCTION	

	
	
Macro-reentrant	atrial	tachycardia	is	a	common	arrhythmia	that	was	first	described	

almost	 a	 century	 ago.220,348	Our	understanding	of	 this	 arrhythmia	has	 continued	 to	

evolve	with	progressive	advancements	in	technology.236,349,350,351	Initial	entrainment	

studies	using	fluoroscopy	were	instrumental	in	characterizing	the	major	components	

of	 the	 right	 atrial	 macro-reentry	 circuits.245,246,257	 Subsequent	 studies	 using	 3D	

electroanatomical	mapping	systems	have	provided	further	insights,	particularly	in	the	

setting	 of	 abnormal	 atrial	 anatomy,	 multiple	 circuits	 and	 regions	 of	

scar.268,269,289,327,352,353		

	

However,	despite	the	progress	in	our	understanding	there	are	still	questions	that	lack	

definitive	answers:	

§ Is	conduction	through	the	CTI	slow?265,266,267	

§ Is	 the	 posterior	 line	 of	 block	 at	 the	 crista	 terminalis	 or	 more	 medially	 at	 the	

posteromedial	right	atrium?	

§ What	are	the	patterns	of	activation	in	the	septum	and	around	the	CS	os?		
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§ How	often	is	dual	loop	reentry	present	and	what	are	the	anatomic	locations	of	the	

propagating	wavefronts?		

§ Are	there	other	regions	of	abnormal	conduction	and	what	is	the	heterogeneity	in	

this	apparently	stereotypic	arrhythmia?			

§ Is	 there	 a	 relationship	 between	 activation	 patterns	 and	 underlying	 atrial	

substrate?		

	

The	 recent	 advent	 of	 high-resolution	 3D	 electroanatomical	 mapping	 that	

automatically	annotates	electrograms	and	allows	the	rapid	acquisition	of	thousands	of	

activation	 points	 provides	 a	 level	 of	 detail	 and	 resolution	 not	 previously	

achievable.330,331,354	 Using	 high-resolution	 3D	 mapping,	 we	 sought	 to	 further	

characterize	 right	 atrial	 macro-reentrant	 circuits	 and	 answer	 the	 abovementioned	

unresolved	questions	in	our	understanding	of	this	arrhythmia.		
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5.2	METHODS	

	

Patient	Population	

25	 patients	 with	 right	 atrial	 macro-reentrant	 tachycardia	 undergoing	 catheter	

ablation	 were	 studied.	 All	 patients	 gave	 written	 informed	 consent	 and	 the	 study	

protocol	was	approved	by	the	local	Research	and	Human	Ethics	Committee.	

	

Electrophysiology	Study	

Anti-arrhythmic	 medications	 were	 discontinued	 for	 five	 half-lives	 prior	 to	 the	

procedure.		All	patients	underwent	TEE	if	not	anticoagulated	prior	to	the	procedure	to	

exclude	 left	 atrial	 thrombus.	 Procedures	 were	 performed	 either	 under	 conscious	

sedation	or	general	anesthesia.	A	Decapole	catheter	was	placed	in	the	CS	in	all	patients	

and	a	Hexapole	catheter	at	the	His	location	based	on	operator	discretion.		For	patients	

in	sinus	rhythm	at	the	time	of	procedure,	burst	atrial	pacing	was	used	to	induce	the	

macro-reentrant	atrial	tachycardia.		Based	on	operator	discretion,	in	selected	cases,	a	

Duodecapole	catheter	was	placed	in	the	right	atrium	encircling	the	tricuspid	annulus.	

Intracardiac	electrograms	and	12-lead	surface	ECG	were	recorded	simultaneously	on	

a	 computerized	 digital	 amplifier	 system	 (EPMed	 Systems,	 West	 Berlin,	 NJ	 or	

Labsystem	Pro,	Bard,	Tewksbury,	MA,	USA).	Bipolar	electrograms	were	filtered	at	30	

and	300	Hz.	Unipolar	electrograms	were	 filtered	at	1	and	300	Hz.	Unipolar	 signals	

were	referenced	to	the	indifferent	electrode	in	the	IVC.		

	

3D	Electroanatomical	Mapping	

3D	electroanatomical	mapping	was	performed	with	 the	Rhythmia	mapping	 system	

(Boston	Scientific,	Natick,	MA).	Bipolar	activation	maps	were	created	during	macro-
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reentrant	atrial	tachycardia	in	all	25	patients	and	during	proximal	CS	(CSp)	pacing	in	

sinus	rhythm	following	ablation	in	7	patients.	The	IntellaMap-Orion	(Boston	Scientific,	

Natick,	MA)	mapping	catheter	was	used	to	create	the	3D	electroanatomical	map.	The	

IntellaMap-Orion	mapping	catheter	has	64	flat	micro-electrodes	(0.8	mm	diameter)	

with	 a	 2.5	 mm	 inter-electrode	 distance	 (centre	 to	 centre)	 arranged	 in	 a	 basket	

configuration	with	8	splines.	The	catheter	is	8.5Fr	with	bi-directional	deflection	and	

variable	degrees	of	basket	deployment	(basket	diameter	ranging	from	3-22	mm)	that	

can	be	adjusted	based	upon	individual	patient	anatomy.		

	

The	Rhythmia	mapping	system	allows	real-time	automated	signal	analysis.	Automated	

mapping	is	mediated	through	continuous	mapping	via	user-defined	beat	acceptance	

criteria.	Cardiac	beats	were	selected	for	inclusion	in	the	map	based	on	multiple	criteria	

including	 (i)	 cycle	 length	 stability	 (±	 5	 ms)	 (ii)	 relative	 timing	 of	 a	 reference	

electrogram	positioned	 in	 the	CS	 (iii)	 respiratory	gating	 and	 (iv)	mapping	 catheter	

motion.	Chamber	 surface	 geometry	was	 created	using	 the	basket	 catheter	 gated	 to	

cardiac	 and	 respiratory	 cycles.	We	only	 included	 electrograms	within	2	mm	of	 the	

surface	geometry.		

	

For	activation	time,	the	electrograms	were	automatically	annotated	at	the	maximum	

negative	dV/dt	for	unipolar	signals	or	the	peak	sharp	of	the	bipolar	electrogram.	If	the	

electrogram	 had	 multiple	 components,	 using	 an	 algorithm	 known	 as	 Intelligent	

Annotation,	the	system	would	take	into	account	not	only	the	amplitude	but	also	the	

timings	of	the	electrograms	in	the	surrounding	area	to	select	the	potential	to	annotate.	

Based	on	the	timings	of	the	activation	map,	a	propagation	map	was	generated	of	the	

atrial	macro-reentrant	circuit.		
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Definitions	

CTI	dependent	macro-reentrant	atrial	tachycardia	was	defined	as	a	macro–reentrant	

circuit	around	the	tricuspid	annulus	and	dependent	on	propagation	through	the	CTI.	

Upper	loop	re-entry	was	defined	as	a	macro-reentrant	atrial	tachycardia	involving	the	

upper	portion	of	the	right	atrium	that	is	independent	of	the	CTI.	

Lower	loop	re-entry	was	defined	as	macro-re-entrant	atrial	tachycardia	localised	to	

the	 lower	 right	 atrium	 that	 is	 CTI	 dependent	 with	 breakthrough	 across	 the	 lower	

portion	of	the	posterior	line	of	block.	

Conduction	gap	was	defined	as	 the	 remnant	of	 conducting	 tissue	bounded	on	both	

sides	by	regions	of	conduction	block	as	determined	from	the	propagation	map.	

Double	 potentials	 were	 defined	 as	 bipolar	 atrial	 electrograms	 with	 two	 discrete	

deflections	per	beat	 either	 separated	by	 an	 isoelectric	baseline	or	 a	 low	amplitude	

interval.355	

	

Global	And	Regional	Atrial	Voltage	Analysis	

The	 median	 global	 right	 atrial	 bipolar	 voltage	 was	 compared	 between	 patients.	

Regional	voltage	analysis	of	the	right	atrium	was	performed	by	dividing	the	chamber	

into	 the	 following	 ten	 segments:	 anterosuperior,	 anterolateral,	 anteroseptal,	 CTI,	

posterior	superior,	posterior	inferior,	lateral	superior,	lateral	inferior,	septal	superior	

and	 septal	 inferior.	 In	 the	 left	 anterior	 oblique	 view	 (LAO),	medial	 to	 the	 SVC	was	

defined	as	septal	and	 lateral	 to	the	SVC	was	defined	as	 lateral.	 In	the	right	anterior	

oblique	view	(RAO),	anterior	and	posterior	segments	were	defined	in	relation	to	the	

sulcus	terminalis.	The	median	bipolar	voltage	of	each	segment	was	calculated.	
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Regional	Conduction	Velocity	

The	mean	conduction	velocity	in	each	of	the	4	segments	around	the	tricuspid	annulus	

(anterosuperior,	anterolateral,	anteroseptal,	CTI)	was	calculated	in	patients	with	CTI	

dependent	 atrial	 macro-reentry.	 Conduction	 velocity	 between	 two	 points	 was	

determined	 by	 expressing	 the	 distance	 between	 the	 points	 as	 a	 function	 of	 the	

difference	in	the	local	activation	times.	Isochronal	maps	of	the	atrium	were	created	at	

10	ms	 intervals	 in	 local	activation	 times	 to	determine	regional	conduction	velocity.	

Conduction	velocity	for	each	segment	was	determined	as	the	mean	of	the	conduction	

velocity	between	ten	pairs	of	points	along	the	direction	of	wavefront	activation.	The	

mean	 conduction	 velocity	 across	 all	 patients	 was	 compared	 between	 the	 four	

segments	around	the	tricuspid	annulus.	Atrial	conduction	slowing	was	defined	as	a	

local	conduction	velocity	of	10-20	cm/s	and	conduction	block	as	<	10	cm/s.356	

	

Localising	The	Posterior	Line	Of	Block	

In	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry,	 propagation	 maps	 were	

reviewed	 for	 the	 location	 of	 the	 posterior	 line	 of	 conduction	 block.	 In	 a	 subset	 of	

patients,	maps	were	also	created	during	stable	CSp	pacing	in	sinus	rhythm	and	the	site	

of	the	posterior	 line	of	block	was	compared	with	the	corresponding	activation	map	

during	tachycardia.	The	posterior	 line	of	block	was	defined	as	the	region	with	local	

conduction	velocity	<	10	cm/s356	with	the	presence	of	double	potentials	and	change	in	

activation	sequence	from	cranio-caudal	to	caudo-cranial.	The	anatomical	region	of	the	

crista	terminalis	was	represented	by	the	sulcus	terminalis	which	was	clearly	defined	

on	the	high-resolution	3D	electroanatomical	maps	as	a	groove	from	the	anterior	aspect	

of	 the	SVC	 to	 the	 anterior	 aspect	of	 the	 IVC.	The	 sinus	venosus	was	defined	as	 the	

region	of	the	posterior	right	atrium	between	the	SVC	and	IVC	located	posteromedial	
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to	the	crista	terminalis	(sulcus	terminalis).	Propagation	maps	were	also	analysed	for	

the	presence	of	breakthrough	across	the	posterior	line	of	block.		

	

Anatomic	Location	Of	Circuits	And	Wavefront	Propagation	In	Relation	To	SVC	

The	number	of	 active	 circuits	 in	 each	patient	was	 identified	using	 the	propagation	

maps	and	confirmed	with	entrainment	mapping.	In	addition,	propagation	maps	were	

analysed	for	the	location	of	the	upper	turnaround	point	of	the	circuit	with	respect	to	

the	SVC.		

	

SVC	Mapping	

In	 all	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry,	 activation	 maps	 were	

analysed	for	the	site	and	extent	of	passive	activation	into	the	SVC.	Regions	and	patterns	

of	slow	conduction	and	block	involving	the	SVC	were	also	determined.		

	

Analysis	Of	Voltages	At	Zones	Of	Slow	Conduction	

In	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry,	 propagation	 maps	 were	

reviewed	for	areas	of	slow	conduction	with	isochronal	crowding	and	conduction	block.	

The	anatomic	location	of	these	sites	of	slow	conduction	and	block,	the	pattern	of	their	

distribution	 and	 their	 effect	 on	 the	 direction	 of	 wavefront	 propagation	 were	

determined.	The	mean	bipolar	voltage	 in	 these	zones	of	slow	conduction	and	block	

was	determined	within	each	patient	and	compared	with	the	mean	bipolar	voltage	of	

adjacent	areas	with	normal	conduction	velocity	determined	within	each	patient.		
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Statistical	Analysis	

All	statistical	analysis	was	performed	using	SPSS	software	version	23.0	(SPSS,	 IBM,	

Armonk,	 NY,	 USA).	 Normality	 of	 all	 quantitative	 variables	 was	 checked	 using	 the	

Shapiro-Wilk	test.	Continuous	variables	are	reported	as	mean	±	standard	deviation	or	

median	and	IQR	as	appropriate.	Categorical	variables	are	reported	as	numbers	and	

percentages.	Comparisons	of	conduction	velocity	between	different	segments,	voltage	

between	slow	conduction	and	normal	conduction	velocity,	or	voltage	between	within	

and	periphery	of	conduction	channels	were	performed	using	ANOVA	with	patient	as	a	

random	effect.	A	p	value	<	0.05	was	considered	statistically	significant.	
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5.3	RESULTS	
	
	
	
Baseline	Characteristics	
	
Twenty-five	 patients	 with	 right	 atrial	 macro-reentrant	 tachycardia	 underwent	 3D	

electroanatomical	mapping	 (Table	 5.1).	 The	mean	 age	was	 60	 ±	 13	 years.	Median	

CHA2DS2VASc	score	was	1	(IQR	0,	2).		Twelve	(48%)	patients	had	a	history	of	previous	

cardiac	surgery;	4	(16%)	patients	had	prior	coronary	artery	bypass	grafting	(CABG),	

7	(28%)	patients	had	previous	mitral	valve	repair	and	1	(4%)	patient	had	a	history	of	

patch	closure	for	congenital	ventricular	septal	defect.	Of	the	seven	patients	with	prior	

mitral	valve	repair,	the	left	atrium	was	accessed	via	Waterston’s	(inter-atrial)	groove	

with	a	direct	left	atriotomy	performed	in	6	patients.	In	1	patient,	the	surgical	report	

was	no	longer	available	for	review.	In	the	patient	with	a	history	of	patch	closure	of	

congenital	 ventricular	 septal	 defect,	 no	 atriotomy	 was	 performed	 (only	 a	 right	

ventricular	 incision	was	performed).	 In	no	documented	case	was	a	 right	 atriotomy	

performed.	Mean	number	of	points	collected	for	the	3D	electroanatomical	map	was	

18,877	±	8,959	acquired	in	a	mean	of	22	±	11	minutes.	The	baseline	characteristics	of	

patients	with	and	without	prior	cardiac	surgery	are	shown	in	Table	5.2.	In	both	groups,	

median	 CHA2DS2VASc	 score	 was	 1	 [cardiac	 surgery	 (IQR	 1,	 2)	 versus	 no	 cardiac	

surgery	(IQR	0,	2)].	

	

Distribution	Of	Atrial	Macro-Reentrant	Circuits	

Forty-two	right	atrial	macro-reentrant	circuits	were	observed	 in	25	patients.	Mean	

tachycardia	cycle	length	(TCL)	was	260	±	37	ms.	Twenty	(48%)	re-entry	circuits	were	

consistent	 with	 counter-clockwise	 CTI	 dependent	 atrial	 macro-reentry,	 2	 (5%)	

clockwise	CTI	dependent	atrial	macro-reentry	and	one	(2%)	example	of	intra-isthmus	
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re-entry.	There	were	3	(7%)	cases	of	upper	loop	re-entry,	15	of	lower	loop	re-entry	

(36%)	and	one	lateral	wall	circuit	(2%).		

	

Conduction	Velocity	Around	The	Tricuspid	Annulus	And	In	The	CTI	

The	overall	mean	conduction	velocity	in	the	CTI	was	111	±	13	cm/s	and	there	was	no	

significant	difference	compared	with	the	other	segments	around	the	tricuspid	annulus	

(p	=	0.64).		However,	9	out	of	18	patients	with	CTI	dependent	macro-reentrant	atrial	

tachycardia	 (without	 prior	 ablation)	 demonstrated	 highly	 localised	 regions	 of	

conduction	slowing	in	the	CTI	with	a	mean	width	of	0.30	±	0.01	cm	(lateral	isthmus,	n	

=2;	central	isthmus,	n	=	2;	septal	isthmus,	n	=	5).	In	the	other	9	patients,	there	was	no	

regional	conduction	slowing	in	the	CTI.	

	

Anatomic	Location	Of	The	Posterior	Line	Of	Block	In	CTI	Dependent	Macro-Reentrant	

Atrial	Tachycardia	(Counter-Clockwise	And	Clockwise)	

In	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry,	 there	 was	 variability	 in	 the	

location	of	the	posterior	line	of	block.	The	most	common	site	(16/22	patients)	was	a	

relatively	straight	SVC	to	IVC	line	in	the	posterior	(sinus	venosus)	right	atrium	located	

posteromedial	to	the	crista	terminalis	(sulcus	terminalis)	(Figure	5.1,	Panel	A-B	and	

Movie	5.1).	In	6	patients,	the	line	was	more	lateral	and	occurred	in	the	region	of	the	

crista	terminalis.	In	this	latter	group	of	patients,	the	line	of	block	was	less	discrete	and	

double	potentials	could	be	recorded	over	a	broader	zone	of	up	to	0.9	±	0.2	cm.	Discrete	

double	 potentials	 were	 observed	 along	 the	 posterior	 line	 of	 block	 in	 all	 patients	

(Figure	5.1,	Panel	C).		
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In	7	patients	with	CTI	dependent	atrial	macro-reentry,	electroanatomical	maps	of	the	

right	atrium	were	created	during	stable	CSp	pacing	at	600	ms	and	300	ms	cycle	lengths	

after	reversion	to	sinus	rhythm.	The	posterior	line	of	block	was	present	in	the	same	

anatomical	 location	as	during	tachycardia	and	at	both	cycle	 lengths	(Figure	5.2	and	

Movie	5.2).	In	3	of	the	7	patients,	the	line	of	block	was	intact	along	its	entire	length	and	

in	4	patients,	there	was	functional	breakthrough	across	the	superior	aspect	of	the	line	

in	the	same	location	that	conduction	breakthrough	occurred	during	tachycardia.	

	

Extension	Of	The	Posterior	Line	Of	Block	Into	SVC		

A	 highly	 stereotypic	 line	 of	 block	 into	 the	 SVC	 was	 observed	 as	 the	 superior	

continuation	of	the	posterior	line	of	block	in	16/22	patients	(73%).	This	passed	into	

the	SVC	obliquely	to	complete	as	a	horizontal	line	passing	to	the	septal	aspect	of	the	

anterior	SVC	(Figure	5.1,	Panel	E-F	and	Movie	5.1).	This	superior	extension	of	the	line	

of	 posterior	 block	 into	 the	 SVC	 prevented	 an	 active	wavefront	 from	bypassing	 the	

superior	 extent	 of	 the	 posterior	 line	 of	 block.	 In	 6	 patients,	 insufficient	 detail	was	

present	in	the	SVC	map	to	characterise	this	line.		

	

Superior	Turnaround	Site	Of	The	CTI	Dependent	Macro-Reentrant	Atrial	Tachycardia	

Circuit:	Relationship	To	SVC	

In	all	patients	with	CTI	dependent	atrial	macro-reentry,	there	was	an	active	superior	

turnaround	point	of	the	circuit	located	anterior	to	the	SVC.	The	width	and	location	of	

this	 turnaround	 was	 highly	 variable	 with	 5/22	 (23%)	 wavefronts	 closer	 to	 the	

tricuspid	annulus	and	8/22	(36%)	wavefronts	closer	to	the	SVC	in	this	region.	In	9/22	

(41%)	patients,	the	wavefront	was	broad	and	equidistant	to	the	tricuspid	annulus	and	

SVC.		
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In	addition,	in	13/22	(59%)	cases	of	CTI	dependent	atrial	macro-reentry,	there	was	

evidence	of	active	breakthrough	across	the	superior	portion	of	the	posterior	line	of	

block	resulting	in	a	double	loop	pattern	of	activation	(one	anterior	and	one	posterior	

to	 the	 SVC)	 (Figure	 5.3	 and	 Movie	 5.3).	 In	 a	 further	 2/22	 patients	 (9%),	 this	

breakthrough	across	the	posterior	line	was	located	inferiorly.		

	

Conduction	Patterns	At	The	Eustachian	Ridge	And	In	Relation	To	The	CS	Os		

In	12/22	(55%)	patients	with	CTI	dependent	atrial	macro-reentry,	a	line	of	conduction	

block	was	 carried	 from	 the	 Eustachian	 ridge	 to	 be	 continuous	with	 a	 line	 of	 block	

posterior	to	the	CS	os	(Figure	5.4,	Panel	A	and	Movie	5.4).	Along	this	line	of	conduction	

block,	double	potentials	were	observed	(Figure	5.4,	Panel	C).	In	these	patients,	the	line	

of	block	directed	 the	activation	wavefront	anterior	 to	 the	CS	os	along	 the	 tricuspid	

annulus	as	it	exited	the	CTI.	

	

In	5/22	patients,	slow	conduction	occurred	across	the	Eustachian	ridge	exemplified	

by	 the	 presence	 of	 fractionated	 bipolar	 electrograms.	 In	 the	 remaining	 5	 patients,	

normal	conduction	was	observed	across	this	zone	between	the	Eustachian	ridge	and	

the	posterior	CS	os	without	any	evidence	of	conduction	slowing.	In	these	patients,	the	

active	wavefront	travelled	both	anterior	and	posterior	to	the	CS	os.		

	

Limbus	Of	Fossa	Ovalis	As	A	Site	Of	Conduction	Slowing	And	Block	

In	16/22	(73%)	patients	with	CTI	dependent	atrial	macro-reentry,	conduction	slowing	

or	block	was	observed	at	the	anatomical	region	of	the	right	atrium	corresponding	to	

the	limbus	of	the	fossa	ovalis	(Figures	5.4,	Panel	A	and	D	and	Movie	5.5).	This	anatomic	
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location	was	 demonstrable	 on	 the	maps	 and	 catheter	 location	 at	 the	 site	 of	 block	

confirmed	as	the	limbus	using	TEE.	During	CTI	dependent	atrial	macro-reentry,	this	

region	appeared	as	a	zone	of	slow	conduction	in	8/16	(50%)	patients	and	as	a	line	of	

complete	 block	 in	 8/16	 (50%)	 patients.	 Fractionated	 bipolar	 electrograms	 were	

observed	at	the	limbus	in	the	8	patients	with	conduction	slowing	and	double	potentials	

in	the	8	patients	with	complete	block	(Figure	5.4,	Panel	F).	In	6	(27%)	patients	there	

was	no	evidence	of	conduction	slowing	or	block	at	the	limbus	of	the	fossa	ovalis.	

	

Septal	 Wall	 Activation	 Patterns	 In	 Counter-Clockwise	 CTI	 Dependent	 Atrial	 Macro-

Reentry	

The	nature	of	septal	activation	was	determined	by	the	nature	of	the	lines	of	block	at	

the	Eustachian	ridge,	CS	os	and	fossa	ovalis	and	resulted	in	3	distinct	patterns.		In	the	

first	pattern,	linear	block	was	continuous	from	the	Eustachian	ridge	and	the	posterior	

CS	 os	 to	 the	 limbus	 of	 the	 fossa	 ovalis	 driving	 the	 wavefront	 anterior	 to	 these	

structures	before	 it	 broadened	at	 the	 superior	 aspect	of	 the	 limbus	 in	5/20	 (25%)	

patients	with	counter-clockwise	CTI	dependent	atrial	macro-reentry	(Figure	5.4,	Panel	

A	and	Movie	5.4).		

	

In	the	second	pattern,	conduction	block	was	not	continuous	from	the	Eustachian	ridge	

and	CS	os	to	the	limbus	of	the	fossa	ovalis,	allowing	the	ascending	wavefront	to	divide	

and	continue	both	anterior	and	posterior	to	the	limbus	(Figure	5.4,	Panel	D	and	Movie	

5.5).	 This	 pattern	 was	 observed	 in	 10/20	 (50%)	 cases	 of	 counter-clockwise	 CTI	

dependent	atrial	macro-reentry.		In	the	third	pattern,	due	to	an	absence	of	conduction	

block	 between	 the	 Eustachian	 ridge	 and	 CS	 os	 or	 at	 the	 limbus,	 a	 single	 broad	

wavefront	ascended	the	septum	(5/20)	(Figure	5.4,	Panel	G).		
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Global	And	Regional	Right	Atrial	Voltage	Analysis		

In	each	individual	patient,	there	was	a	marked	variation	in	the	median	bipolar	voltage	

from	segment	to	segment.	For	example,	in	one	patient,	the	median	bipolar	voltage	in	

the	lateral	inferior	segment	was	2.5	mV	(IQR	0.5,	6.7)	compared	with	0.3	mV	(IQR	0.1,	

1.4)	in	the	posterior	inferior	segment.	Between	patients	this	did	not	demonstrate	any	

stereotypic	 regional	 pattern	but	 also	 showed	marked	variability	 (as	 to	which	 right	

atrial	region	was	high	or	low	voltage).	For	example,	in	one	patient,	the	median	bipolar	

voltage	in	the	lateral	inferior	segment	was	8.9	mV	(IQR	4.2,	13.3)	whereas	in	another	

patient	the	median	bipolar	voltage	in	the	same	segment	was	0.80	mV	(IQR	0.3,	4.2).	

Between	patients	 there	was	also	marked	variation	 in	absolute	bipolar	voltage	such	

that	there	was	no	apparent	“normal	range”	in	this	population.	 	The	greatest	median	

global	right	atrial	bipolar	voltage	was	2.1	mV	(IQR	0.7,	4.5).	The	lowest	median	global	

right	atrial	bipolar	voltage	was	0.2	mV	(IQR	0.1,	0.8).		A	moderate	negative	correlation	

was	observed	between	median	global	right	atrial	bipolar	voltage	and	TCL	(rs	=	-0.56,	

p	=	0.03).	The	lower	the	median	global	right	atrial	bipolar	voltage,	the	longer	the	TCL.	

	

Variable	Localized	Areas	Of	Slow	Conduction:	Correlation	With	Localized	Low	Voltage	

In	all	patients	with	CTI	dependent	atrial	macro-reentry,	unexpected	and	very	localized	

regions	of	slow	conduction	were	observed	in	variable	areas	of	the	right	atrium.	We	

already	described	above	that	9	patients	with	CTI	dependent	atrial	macro-reentry	had	

localised	conduction	slowing	in	the	CTI	and	that	16	patients	had	conduction	slowing	

or	block	at	the	limbus	of	the	fossa	ovalis.		In	addition,	localised	slow	conduction	was	

observed	in	the	 inferior	septum	(10/22	patients),	superior	septum	(6/22	patients),	

the	anterior	superior	 right	atrium	 in	a	 linear	pattern	 from	the	SVC	 to	 the	 tricuspid	

annulus	(10/22	patients)	and	in	the	lateral	right	atrium	(5/22	patients)	(Figure	5.5).	
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The	bipolar	voltage	was	found	to	be	significantly	lower	in	regions	of	slow	conduction	

compared	with	surrounding	areas	of	normal	conduction	velocity	(mean	0.4	±	0.1	mV	

versus	mean	3.4	±	1.5	mV,	p	<	0.001)	(Figure	5.6,	Movies	5.6	and	5.7).	In	patients	with	

counter-clockwise	CTI	dependent	atrial	macro-reentry,	the	ECG	was	stereotypic	and	

we	 did	 not	 observe	 any	 obvious	 correlation	 with	 the	 variable	 regions	 of	 slow	

conduction	present	in	the	right	atrium.	

	

Conduction	Channels	In	The	Right	Atrium:	Correlation	With	Voltage	Channels	

In	 12/22	 (55%)	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry,	 there	 were	

examples	of	conduction	occurring	preferentially	through	channels	of	relative	normal	

voltage	when	bordered	by	areas	of	relative	low	voltage	or	scar	(Figure	5.4,	Panel	B	and	

Movie	5.4).	In	the	majority	of	cases	(7/12),	the	conduction	channel	was	located	in	the	

superior	 septum.	 Other	 locations	 of	 the	 conduction	 channels	 included	 the	 inferior	

septum	(3/12),	the	anterior	superior	right	atrium	(4/12)	and	the	lateral	wall	(3/12).	

The	bipolar	voltage	within	the	conduction	channel	was	significantly	greater	than	the	

bipolar	voltage	along	the	borders	of	the	conduction	channel	(mean	2.7	±	2.1	mV	versus	

mean	0.3	±	0.2	mV,	p	<	0.001).	

	

Upper	Loop	Re-Entry	

In	3	patients,	a	re-entrant	circuit	that	can	broadly	be	described	as	rotating	around	the	

base	 of	 the	 SVC	was	 observed.	 Two	of	 these	 patients	 had	 a	 history	 of	mitral	 valve	

repair.	The	remaining	patient	had	no	structural	heart	disease,	prior	cardiac	surgery	or	

catheter	ablation.	In	these	3	patients,	there	was	also	a	line	of	conduction	block	in	the	

sinus	venosus	region	of	the	posterior	right	atrium	with	an	oblique	conduction	channel	

located	in	the	superior	aspect	of	this	line	of	block	(Figure	5.7,	Panel	B	and	C	and	Movie	
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5.8).	Within	the	channel	in	all	cases	a	broad	local	fractionated	bipolar	electrogram	was	

recorded	(Figure	5.7,	Panel	D).			Ablation	at	this	site	terminated	the	tachycardia	within	

5	seconds	in	all	3	patients.		

	

Comparison	Of	Patients	With	And	Without	Prior	Cardiac	Surgery	

Table	5.3	summarizes	the	distribution	of	atrial	macro-reentrant	circuits,	 location	of	

the	posterior	line	of	block	and	regions	of	conduction	slowing	or	block	in	patients	with	

and	without	 prior	 cardiac	 surgery.	 The	 distribution	 of	 right	 atrial	macro-reentrant	

circuits	 was	 the	 same	 in	 both	 groups	 with	 counterclockwise	 CTI	 dependent	 atrial	

macro-reentry	 the	 most	 common	 arrhythmia.	 	 In	 addition,	 in	 both	 groups,	 the	

posteromedial	right	atrium	(sinus	venosus)	was	the	location	of	the	posterior	line	of	

block	in	the	majority	of	patients.	Conduction	slowing/block	at	the	limbus	of	the	fossa	

ovalis	 and	Eustachian	 ridge	 as	well	 as	 localized	 zones	 of	 slow	 conduction	 and	 low	

voltage	were	observed	in	both	groups	in	a	similar	frequency.		 	
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5.4	DISCUSSION	

	

The	 current	 study	 using	 high-density	 high-resolution	 3D	 mapping	 builds	 on	 the	

extensive	 existing	 literature	 describing	 the	 nature	 of	 right	 atrial	 macro-reentrant	

circuits	 to	 provide	 important	 refinements	 in	 our	 understanding	 of	 the	 arrhythmia	

mechanism.	We	made	the	following	observations:	

	

1. Conduction	velocity	in	the	CTI	was	not	uniformly	slower	than	the	other	segments	

around	the	tricuspid	annulus.	

2. The	posterior	line	of	conduction	slowing	and	block	in	CTI	dependent	atrial	macro-

reentry	was	most	commonly	located	in	the	sinus	venosus	region	of	the	posterior	

right	atrium	running	linearly	from	the	SVC	to	the	IVC.	The	crista	terminalis	was	less	

frequently	the	anatomic	site	of	posterior	conduction	delay	or	block.	

3. In	approximately	60%	of	patients	with	CTI	dependent	atrial	macro-reentry,	there	

was	a	 conduction	gap	across	 the	 superior	portion	of	 the	posterior	 line	of	block	

resulting	in	two	active	wavefronts;	one	travelling	anterior	and	one	posterior	to	the	

SVC	(lower	loop).		

4. The	right	atrium	was	characterized	by	localized	zones	of	low	voltage	and	scar	as	

well	 as	 conduction	 channels	 which	 determined	 the	 direction	 of	 wavefront	

propagation.	These	occurred	in	relation	to	anatomic	structures	such	as	the	limbus	

of	the	fossa	ovalis	and	the	Eustachian	ridge	but	also	in	other	regions	such	as	the	

anterior	right	atrium,	lateral	wall,	septum	and	CTI.		
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Conduction	Velocity	In	The	CTI	

In	the	current	study	using	high-resolution	3D	mapping,	we	did	not	observe	uniform	

conduction	 slowing	 in	 the	 CTI.	We	 did	 see	 highly	 localized	 conduction	 slowing	 in	

varying	regions	of	the	CTI	 in	50%	of	patients	but	such	regional	conduction	slowing	

was	not	unique	to	the	isthmus.		Our	findings	are	in	contrast	with	early	studies	using	

fluoroscopy	 which	 identified	 the	 CTI	 as	 a	 zone	 of	 slow	 conduction.265,266,267	 These	

studies	used	much	lower	resolution	mapping	than	the	current	study	and	fluoroscopy	

to	identify	anatomy	and	these	issues	may	explain	the	different	results.	The	CTI,	as	the	

narrowest	portion	of	the	CTI	dependent	atrial	macro-reentry	circuit	may	nevertheless	

be	more	likely	to	develop	unidirectional	conduction	block	during	rapid	atrial	pacing	

than	other	atrial	regions.357	

	

Anatomical	Location	Of	Posterior	Line	Of	Block	

A	posterior	line	of	conduction	slowing	or	block	in	the	right	atrium	has	been	identified	

as	pivotal	for	the	maintenance	of	CTI	dependent	atrial	macro-reentry	by	preventing	a	

short-circuiting	of	the	active	wavefront	by	rapid	propagation	across	the	posterior	right	

atrium.257	 Prior	 studies	 using	 intracardiac	 echocardiography,	 fluoroscopy	 and	 low-

resolution	mapping	have	made	conflicting	observations	with	some	suggesting	that	the	

posterior	line	of	block	is	at	the	crista	terminalis246,247,257	and	others	observing	block	in	

the	posteromedial	(sinus	venosus)	right	atrium.260.261	However,	in	the	current	study	

we	identified	that	this	line	of	block	occurred	in	the	posteromedial	right	atrium	in	the	

majority	 of	 patients	 and	 was	 less	 commonly	 observed	 at	 the	 crista	 terminalis.	

Importantly,	the	line	of	block	continued	superiorly	into	the	SVC	muscle	sleeve	coursing	

obliquely	 to	 finish	 as	 an	 anterior	 horizontal	 line.	 This	 SVC	 continuation	 prevents	
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bypass	 of	 the	 posterior	 line	 of	 block	 using	 the	 SVC	 muscle	 sleeve	 and	 has	 not	

previously	been	described.	

	

Of	note,	these	earlier	studies246,247,257,260,261	did	not	uniformly	demonstrate	conduction	

slowing	or	block	along	either	 location	of	 the	posterior	 line	during	atrial	pacing.	 	 In	

contrast,	while	we	observed	variability	with	some	patients	showing	fixed	and	others	

functional	 block,	 in	 all	 patients	 the	 pattern	 correlated	 closely	 with	 that	 observed	

during	the	tachycardia.	

	

Work	 in	 swine	 hearts	 observed	 rate	 dependent	 block	 at	 the	 posteromedial	 sinus	

venosus	 right	 atrium	 at	 the	 site	 of	 abrupt	 change	 in	muscle	 fibre	 orientation,	 and	

changes	 in	wall	 thickness	 and	 collagen	 content262	 to	 explain	why	 conduction	block	

occurs	at	 this	 region.	 In	a	 study	of	autopsied	human	hearts,	Gami	et	al.	observed	a	

second	ridge	(in	addition	to	the	crista	terminalis)	in	approximately	20%	of	patients	

which	corresponded	with	the	posteromedial	line	of	block.263	The	frequency	described	

in	this	work	is	lower	than	observed	in	our	study	population	likely	because	the	autopsy	

study	was	not	restricted	to	patients	with	macro-reentrant	atrial	tachycardia.	

	

Upper	Loop	Re-entry	

While	the	circuit	of	“upper	loop”	reentry	may	be	quite	variable,	we	observed	that	there	

was	a	critical	 region	of	conduction	slowing	 in	all	patients	which	corresponded	 to	a	

channel	through	the	posterior	line	of	block	located	in	the	sinus	venosus	region	of	the	

posterior	 right	 atrium.	 This	 finding	 is	 in	 contrast	 with	 earlier	 work	 regarding	 the	

mechanism	of	upper	 loop	re-entry.	Using	non-contact	3D	mapping	with	the	balloon	

catheter,	Tai	et	al.	delineated	the	re-entrant	circuit	around	the	SVC	with	conduction	
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through	the	gap	in	the	crista	terminalis.240	Either	may	be	possible	in	different	patients	

but	 it	should	be	emphasized	that	the	current	technology	provides	a	combination	of	

anatomic	and	electrophysiologic	detail	not	previously	attainable.		

	

Superior	Turnaround	Location	Of	The	CTI	Dependent	Macro-Reentrant	Circuit.	

Consistent	 with	 prior	 studies	 in	 patients	 with	 CTI	 dependent	 atrial	 macro-

reentry,257,274,275	 we	 observed	 that	 the	 superior	 activation	 wavefront	 propagated	

anterior	to	the	SVC.	However,	even	here	there	was	considerable	variability	with	the	

active	 wavefront	 at	 times	 a	 narrow	 band	 immediately	 anterior	 to	 the	 SVC,	 or	

immediately	adjacent	to	the	tricuspid	annulus	and	in	other	patients	was	a	true	broad	

wavefront	 between	 these	 structures.	 In	 approximately	 60%	 of	 these	 patients,	 the	

wavefront	also	travelled	posterior	to	the	SVC	with	evidence	of	breakthrough	across	

the	 posterior	 line	 of	 block	 creating	 a	 dual	 loop	 pattern	 as	 previously	

documented.268,276,277,	358		

	

Limbus	Of	Fossa	Ovalis	As	A	Zone	Of	Conduction	Delay	

In	 over	 70%	of	 cases	 of	 CTI	 dependent	 atrial	macro-reentry,	 a	 zone	 of	 conduction	

slowing	or	block	was	observed	at	the	limbus	of	the	fossa	ovalis.	This	region	of	block	

was	continuous	with	the	Eustachian	ridge	to	CS	os	line	in	25%	of	patients	in	whom	the	

wavefront	was	therefore	directed	along	the	anterior	region	of	the	septum	adjacent	to	

the	 tricuspid	 annulus.	 The	 limbus	 is	 a	 muscular	 ridge	 which	 represents	 the	

embryological	remnant	of	 the	 lower	margin	of	 the	septum	secundum	and	has	been	

shown	to	be	a	zone	of	abrupt	change	of	myocardial	fibre	orientation	which	may	explain	

the	 observed	 conduction	 changes.359	 To	 our	 knowledge	 conduction	 slowing	 at	 the	
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limbus	 of	 the	 fossa	 ovalis	 has	 not	 previously	 been	 described	 but	 its	 relevance	 to	

arrhythmia	mechanism	remains	to	be	demonstrated.		

	

Regions	Of	 Slow	Conduction	And	Block:	Determinants	Of	Wavefront	Direction	During	

Right	Atrial	Macro-Reentrant	Tachycardia	

In	this	study,	we	demonstrated	the	presence	of	localized	regions	of	conduction	slowing	

corresponding	with	areas	of	relative	voltage	reduction.	These	areas	occurred	both	in	

relation	to	anatomic	structures	(such	as	the	limbus	of	the	fossa	ovalis)	but	frequently	

at	other	varied	sites	 throughout	 the	atrium	and	were	present	 in	all	patients	 in	 this	

series.	These	regions	were	responsible	in	part	for	the	heterogeneity	observed	in	the	

course	of	the	dominant	wavefront.	Whether	these	local	regions	of	conduction	slowing	

are	critical	for	initiation	or	maintenance	of	the	macro-reentrant	circuit	is	unknown	but	

certainly	would	be	expected	to	stabilize	a	circuit	by	increasing	the	excitable	gap.	The	

combination	 of	 anatomical	 regions	 of	 conduction	 slowing	 and	 block	 together	with	

localized	zones	of	low	voltage	and	slow	conduction	appear	to	represent	the	substrate	

necessary	for	arrhythmia	maintenance.	

	

In	other	patients,	conduction	channels	through	regions	of	relatively	preserved	voltage	

surrounded	by	areas	of	low	voltage	were	critical	for	arrhythmia	mechanism	such	as	in	

upper	 loop	re-entry.	Recent	studies	have	suggested	that	substrate	mapping	may	be	

critical	 in	 identifying	 the	 substrate	 necessary	 for	 the	 maintenance	 of	 AF.360	 In	

identifying	 considerable	 structural	 and	 conduction	heterogeneity	 in	 the	atrium,	we	

have	provided	evidence	in	support	of	this	concept.	
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Limitations	

The	mean	age	of	our	study	population	was	60	±	13	years	with	a	low	prevalence	of	co-

morbidities	with	a	median	CHA2DS2VASc	score	of	1	(IQR	0,	2).	48%	of	patients	had	a	

history	of	previous	cardiac	surgery.	We	cannot	exclude	that	an	older	population	with	

a	higher	CHA2DS2VASc	score	may	have	different	circuits	and	characteristics.	The	TCL	

was	 longer	 in	 patients	 with	 prior	 surgery	 and	 overall,	 there	 was	 an	 inverse	

relationship	 between	 median	 bipolar	 voltage	 and	 TCL,	 suggesting	 our	 study	

population	may	have	had	more	advanced	atrial	remodelling.	Measurements	of	bipolar	

voltage	 are	 affected	 by	 degree	 of	 contact	 of	 the	 mapping	 catheter	 with	 the	

endocardium	and	also	directionality	of	the	bipolar	signal.			

	

Although	 the	 IntellaMap-Orion	 mapping	 catheter	 does	 not	 have	 force	 sensing	

capabilities	as	is	the	case	with	other	high-density	mapping	catheters,	the	presence	of	

64	flat	micro-electrodes	with	closely	spaced	bipoles	arranged	in	a	basket	configuration	

together	with	the	acquisition	of	thousands	of	points	within	2	mm	of	the	geometry	shell	

leading	to	the	creation	of	high-density	electroanatomical	maps	is	likely	to	overcome	

this	 limitation	 of	 non-contact	 force	 sensing	 catheters.	 In	 addition,	 in	 areas	 of	 low	

voltage,	electrograms	were	manually	reviewed	to	assess	signal	quality	and	confirm	the	

presence	of	sharp,	discrete	electrograms	rather	than	far-field	signals	indicating	poor	

contact.	
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5.5	CONCLUSIONS	

	

This	study	provides	new	insights	into	the	mechanisms	underlying	right	atrial	macro-

reentrant	tachycardia.	Building	on	extensive	prior	work,	we	have	more	clearly	defined	

the	 regional	 variations	 in	 conduction	 and	 wavefront	 propagation	 and	 the	 critical	

substrate	correlates.	Using	a	new	high-resolution	mapping	technology,	we	have	been	

able	to	clearly	define	the	anatomic	location	and	characteristics	of	the	posterior	line	of	

block	and	the	relevance	of	other	anatomic	sites	to	conduction	characteristics.	These	

observations	may	have	relevance	to	understanding	the	mechanism	of	more	complex	

arrhythmias.	
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5.6 TABLES	
	

Table	5.1.	Baseline	Characteristics	

	 n	=	25	

Age,	yrs*	 60	±	13	

Male	gender,	n	(%)	 20	(80%)	

Hypertension,	n	(%)	 7	(28%)	

Diabetes,	n	(%)	 3	(12%)	

Ischaemic	heart	disease,	n	(%)	 5	(20%)	

TIA/Stroke,	n	(%)	 2	(8%)	

CHA2DS2VAScy	score	 1	(0,	2)	

Left	ventricular	function	 	

Normal,	n	(%)	 18	(72%)	

Mild,	n	(%)	 4	(16%)	

Moderate,	n	(%)	 2	(8%)	

Severe,	n	(%)	 1	(4%)	

Previous	cardiac	surgery	 	

CABG	 4	(16%)	

Mitral	valve	repair/replacement	 7	(28%)	

*presented	as	mean	±	SD,	ypresented	as	median	(25th	percentile,	75th	percentile)		

TIA	represents	transient	ischaemic	attack,	CABG;	coronary	artery	bypass	surgery	
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Table	5.2.	Baseline	Characteristics	Of	Patients	With	And	Without	Cardiac	Surgery	

	 No	Cardiac	

Surgery		

n	=	13	

Prior	Cardiac	

Surgery		

n	=	12	

Age,	yrs*	 58	±12	 63	±	13	

Male	gender,	n	(%)	 11	(85%)	 9	(75%)	

Hypertension,	n	(%)	 5	(38%)	 2	(17%)	

Diabetes,	n	(%)	 2	(15%)	 1	(8%)	

Ischaemic	heart	disease,	n	(%)	 0	 5	(42%)	

TIA/Stroke,	n	(%)	 1	(8%)	 1	(8%)	

CHA2DS2VAScy	score	 1	(0,2)	 1	(1,2)	

Number	of	Points*		 19,036	±	8004		 18,705	±	10,256	

Mapping	time,	min*	 22	±	11	 21	±	11	

*presented	as	mean	±	SD,	ypresented	as	median	(25th	percentile,	75th	percentile)		

TIA	represents	transient	ischaemic	attack,	CABG;	coronary	artery	bypass	surgery	
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Table	5.3.	Distribution	Of	Atrial	Macro-Reentrant	Circuits,	Location	Of	Posterior	Line	Of	Block	And	

Regions	Of	Conduction	Slowing	Or	Block	In	Patients	With	And	Without	Prior	Cardiac	Surgery	

	 No	Cardiac	Surgery	 Prior	Cardiac	Surgery	

Tachycardia	Cycle	Length,	ms	 245	±	20	 276	±	45	

Distribution	of	Atrial	macro-reentrant	circuits	(n	=	42)	 	 	

Counterclockwise	CTI	Dependent,	n	(%)	 11	(52%)	 9	(43%)	

Clockwise	CTI	Dependent,	n	(%)	 1	(5%)	 1	(5%)	

Upper	Loop	Reentry,	n	(%)	 1	(5%)	 2	(9%)	

Lower	Loop	Reentry,	n	(%)	 8	(38%)	 7	(33%)	

Intra-Isthmus	Reentry,	n	(%)	 0	 1	(5%)	

Lateral	wall	circuit,	n	(%)	 0	 1	(5%)	

Posterior	Line	of	Block	in	Sinus	Venosus	Region,	n	(%)	 9	(75%)	 7	(70%)	

SVC	Line	of	Block,	n	(%)	 10	(83%)	 6	(60%)	

Conduction	Slowing/Block	at	Limbus	of	Fossa	Ovalis,	n	(%)	 10	(83%)	 6	(60%)	

Conduction	Slowing/Block	at	Eustachian	Ridge,	n	(%)	 10	(83%)	 7	(70%)	

Localized	Zones	of	Slow	Conduction	 	 	

Inferior	Septum,	n	(%)	 6	(50%)	 4	(40%)	

Superior	Septum,	n	(%)	 3	(25%)	 3	(30%)	

Anterosuperior	RA,	n	(%)	 4	(33%)	 6	(60%)	

Lateral	RA,	n	(%)	 2	(17%)	 3	(30%)	

Septal	Isthmus,	n	(%)	 2	(22%)	 3	(33%)	

Central	Isthmus,	n	(%)	 1	(11%)	 1	(11%)	

Lateral	Isthmus,	n	(%)	 0	 2	(22%)	
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5.7	FIGURES	
	

Figure	5.1.	Location	Of	The	Posterior	Line	Of	Block	

	

In	 16/22	 (73%)	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry,	 the	 site	 of	 the	

posterior	line	of	block	was	a	relatively	straight	SVC	to	IVC	line	(white	arrows)	in	the	

posterior	(sinus	venosus)	right	atrium	located	posteromedial	to	the	crista	terminalis	

[Panel	A-B].	Discrete	double	potentials	were	observed	along	the	posterior	line	of	block	

in	 all	 patients	 [Panel	 C].	 In	 addition,	 a	 line	 of	 conduction	 block	 into	 the	 SVC	 was	

observed	as	the	superior	continuation	of	the	posterior	line	of	block	in	16/22	(73%)	

patients	 (blue	 arrows)	 [Panel	 A-B].	Discrete	 double	 potentials	 were	 also	 observed	

along	this	 line	of	block	[Panel	D].	This	 line	of	conduction	block	passed	 into	the	SVC	

obliquely	to	complete	as	a	horizontal	line	passing	to	the	septal	aspect	of	the	anterior	

SVC	[Panel	E-F].		

	 	



	 224	

	



	 225	
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Figure	 5.2.	 Location	 Of	 Posterior	 Line	 Of	 Block	 During	 Tachycardia	 And	 CSp	

Pacing		

	

In	7	patients	with	CTI	dependent	atrial	macro-reentry,	3D	electroanatomical	maps	of	

the	right	atrium	were	created	during	stable	CSp	pacing	at	600	ms	and	300	ms	cycle	

lengths	 after	 reversion	 to	 sinus	 rhythm.	Panel	 A.	 The	 propagation	map	 shows	 the	

presence	of	the	posterior	line	of	block	in	the	posterior	right	atrium	between	the	SVC	

and	 IVC	 (white	 arrows).	 Entrainment	 performed	 at	 the	 superior	 portion	 of	 the	

posterior	line	of	block	was	consistent	with	this	site	being	outside	the	active	circuit	with	

a	PPI-TCL	>	40	ms.		Panel	B.	In	this	example,	the	location	of	the	posterior	line	of	block	

corresponded	to	a	relatively	low	voltage	zone	on	the	voltage	map.	Panel	C.	The	CSp	

pacing	map	 in	 the	 same	 patient	 shows	 the	 posterior	 line	 of	 block	 in	 the	 identical	

anatomic	location	as	the	corresponding	activation	map	during	tachycardia	in	Panel	A	

(white	arrows).		Panel	D.	Double	potentials	were	observed	along	the	posterior	line	of	

block.	
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Figure	5.3.		Breakthrough	Across	Superior	Portion	Of	Posterior	Line	Of	Block	

	

In	13/22	(59%)	cases	of	CTI	dependent	atrial	macro-reentry,	there	was	evidence	of	

active	breakthrough	across	the	superior	portion	of	the	posterior	line	of	block	resulting	

in	 a	 double	 loop	 pattern	 of	 activation	 as	 shown	 in	 Panels	 A-C.	 Discrete	 double	

potentials	 were	 observed	 along	 the	 posterior	 line	 of	 block	 as	 shown	 in	 Panel	 D.		

Fractionated	electrograms	were	seen	at	the	site	of	breakthrough	at	the	posterior	line	

of	block	as	shown	in	Panel	E.	
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Figure	5.4.	Right	Atrial	Septal	Wall	Activation	Patterns	

	

Activation	of	the	right	atrial	septal	wall	was	determined	by	the	nature	of	the	lines	of	

block	at	the	Eustachian	ridge,	CS	os	and	fossa	ovalis	and	resulted	in	3	distinct	patterns.		

As	 shown	 in	 Panel	 A,	 in	 the	 first	 pattern,	 linear	 block	 was	 continuous	 from	 the	

Eustachian	ridge	and	CS	os	 (blue	arrows)	 to	 the	 limbus	(white	arrows)	driving	 the	

wavefront	 anteriorly.	 In	 addition,	 as	 shown	 in	 Panel	 B,	 conduction	 occurs	 via	 a	

conduction	 channel	 of	 relatively	 normal	 voltage	 (green	 arrows).	 Double	 potentials	

observed	at	the	line	of	block	between	Eustachian	ridge	and	CS	os	are	shown	in	Panel	

C.		

	

In	the	second	pattern	shown	in	Panel	D,	conduction	block	was	not	continuous	from	the	

Eustachian	ridge	and	CS	os	to	the	 limbus	(white	arrows)	resulting	 in	the	ascending	

wavefront	dividing	anterior	and	posterior	 to	 the	 limbus.	Furthermore,	as	 shown	 in	

Panel	E	on	the	voltage	map,	conduction	appears	to	occur	preferentially	via	areas	of	

relative	 normal	 voltage	 (green	 arrows).	 Areas	 of	 conduction	 slowing	 and	 block	

occurred	at	sites	of	relatively	low	voltage.		Double	potentials	observed	at	the	limbus	

are	 shown	 in	Panel	 F.	 In	 the	 third	 pattern,	 due	 to	 an	 absence	 of	 conduction	 block	

between	the	Eustachian	ridge	and	CS	os	or	at	 the	 limbus,	a	single	broad	wavefront	

ascended	the	septum	(Panel	G).	
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Figure	5.5.	Localized	Zones	Of	Slow	Conduction	And	Block		

	

Localized	regions	of	slow	conduction	and	block	were	observed	in	variable	areas	of	the	

right	 atrium	 in	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry.	 Localised	 slow	

conduction	or	block	was	observed	at	the	inferior	septum	(45%)	[Panel	A-B],	superior	

septum	(27%)	[Panel	D-E],	the	anterior	superior	RA	in	a	linear	pattern	(45%)	[Panel	

G-H]	and	the	lateral	right	atrium	(23%)	[Panel	J-K].	In	each	of	the	examples,	a	zone	of	

slow	conduction	or	block	 is	shown	in	the	 first	panel	 followed	by	an	 increase	 in	 the	

conduction	 velocity	 of	 the	 wavefront	 in	 the	 subsequent	 panel.	 The	 corresponding	

bipolar	 electrograms	 showing	 discrete	 double	 potentials	 at	 the	 site	 of	 conduction	

slowing	or	block	are	displayed	in	the	panel	below	the	figure.		
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Figure	5.6.	Bipolar	Voltage	In	Regions	Of	Slow	Conduction		

	

The	bipolar	voltage	was	found	to	be	significantly	lower	in	regions	of	slow	conduction	

compared	with	surrounding	areas	of	normal	conduction	velocity.	As	shown	in	Panel	A,	

a	 zone	 of	 slow	 conduction	 can	 be	 seen	 at	 the	 septal	 isthmus	 (white	 arrows)	with	

double	potentials	seen	at	this	location	(Panel	C).	This	region	corresponds	to	a	zone	of	

low	voltage	as	shown	in	the	voltage	map	in	Panel	B.	In	a	further	example,	conduction	

block	was	observed	at	the	anterosuperior	right	atrium	(white	arrows)	in	a	patient	with	

clockwise	CTI	dependent	atrial	macro-reentry	 [Panel	D].	 	The	voltage	map	shows	a	

region	 of	 relatively	 low	 voltage	 at	 the	 site	 of	 conduction	 block	 [Panel	 E].	 Bipolar	

electrograms	observed	at	this	site	are	shown	in	Panel	F.	
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Figure	5.7.	Upper	Loop	Re-Entry	

	

Upper	loop	re-entry	was	observed	in	three	patients.	The	12	lead	ECG	of	one	of	these	

patients	consistent	with	atypical	atrial	flutter	is	shown	in	Panel	A.	In	these	patients,	

there	was	also	a	line	of	conduction	block	in	the	sinus	venous	region	of	the	posterior	

right	atrium	with	an	oblique	conduction	channel	located	in	the	superior	aspect	of	this	

line	of	block	[Panel	B].	The	voltage	map	highlights	that	conduction	occurred	through	a	

channel	of	relative	normal	voltage	[Panel	C].	Within	the	channel	in	all	cases,	a	broad	

local	fractionated	bipolar	electrogram	was	recorded	[Panel	D].	
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5.8 	MOVIES	

	

The	following	movies	can	be	accessed	by	clicking	or	copying	the	link	below	into	your	

web	browser:	

https://www.dropbox.com/sh/0puyx7tw70e9rvt/AAArM3idPgwC6L-
hPXkhUmhUa?dl=0	
	
	

Movie	5.1.	Location	Of	The	Posterior	Line	Of	Block	

	

In	 16/22	 (73%)	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry,	 the	 site	 of	 the	

posterior	line	of	block	was	a	relatively	straight	SVC	to	IVC	line	(white	arrows)	in	the	

posterior	(sinus	venosus)	right	atrium	located	posteromedial	to	the	crista	terminalis	

[Panel	A-B].	Discrete	double	potentials	were	observed	along	the	posterior	line	of	block	

in	 all	 patients	 [Panel	 D].	 In	 addition,	 a	 line	 of	 conduction	 block	 into	 the	 SVC	 was	

observed	as	the	superior	continuation	of	the	posterior	line	of	block	in	16/22	(73%)	

patients	 (blue	 arrows)	 [Panel	 A-C].	Discrete	 double	 potentials	 were	 also	 observed	

along	this	line	of	block	[Panel	E].	

	

Movie	 5.2.	 Location	 Of	 Posterior	 Line	 Of	 Block	 During	 Tachycardia	 And	 CSp	

Pacing		

	

In	7	patients	with	CTI	dependent	atrial	macro-reentry,	3D	electroanatomical	maps	of	

the	right	atrium	were	created	during	stable	CSp	pacing	at	600	ms	and	300	ms	cycle	

lengths	 after	 reversion	 to	 sinus	 rhythm.	Panel	 A.	 The	 propagation	map	 shows	 the	

presence	of	the	posterior	line	of	block	in	the	posterior	right	atrium	between	the	SVC	
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and	IVC.	Entrainment	performed	at	the	superior	portion	of	the	posterior	line	of	block	

was	consistent	with	this	site	being	outside	the	active	circuit	with	a	PPI-TCL	>	40	ms.	

Panel	B.	In	this	example,	the	location	of	the	posterior	line	of	block	corresponds	to	a	

relatively	 low	voltage	zone	on	the	voltage	map.	Panel	C.	The	CSp	pacing	map	in	the	

same	patient	shows	the	posterior	line	of	block	in	the	identical	anatomic	location	as	the	

corresponding	 activation	 map	 during	 tachycardia	 in	 Panel	 A.	 	 Panel	 D.	 Double	

potentials	were	observed	along	the	posterior	line	of	block.	

	

Movie	5.3.		Breakthrough	Across	Superior	Portion	of	Posterior	Line	of	Block	

	

Panel	 A.	 In	 13/22	 (59%)	 cases	 of	 CTI	 dependent	 atrial	 macro-reentry,	 there	 was	

evidence	of	active	breakthrough	across	the	superior	portion	of	the	posterior	line	of	

block	resulting	in	a	double	loop	pattern	of	activation.	Discrete	double	potentials	were	

observed	 along	 the	 posterior	 line	 of	 block	 as	 shown	 in	 Panel	 B.	 	 Fractionated	

electrograms	were	seen	at	the	site	of	breakthrough	at	the	posterior	line	of	block	as	

shown	in	Panel	C.	

	

Movie	5.4.	Right	Atrial	Septal	Wall	Activation	Patterns	(Pattern	1)	

	

Activation	of	the	right	atrial	septal	wall	was	determined	by	the	nature	of	the	lines	of	

block	at	the	Eustachian	ridge,	CS	os	and	fossa	ovalis	and	resulted	in	3	distinct	patterns.	

In	the	first	pattern,	linear	block	was	continuous	from	the	Eustachian	ridge	and	CS	os	

(red	arrows)	to	the	limbus	(blue	arrows)	driving	the	wavefront	anteriorly.	In	addition,	

as	shown	in	the	voltage	map,	conduction	occurs	via	a	conduction	channel	of	relatively	

normal	voltage	(white	arrows).		
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Movie	5.5.	Right	Atrial	Septal	Wall	Activation	Patterns	(Pattern	2)	

	

In	the	second	pattern,	conduction	block	was	not	continuous	from	the	Eustachian	ridge	

and	CS	os	 to	 the	 limbus	resulting	 in	 the	ascending	wavefront	dividing	anterior	and	

posterior	 to	 the	 limbus	(white	arrows).	Furthermore,	as	shown	in	the	voltage	map,	

conduction	appears	to	occur	preferentially	via	areas	of	relative	normal	voltage.	

	

Movie	5.6.	Bipolar	Voltage	in	Regions	of	Slow	Conduction	(Septal	Isthmus)	

	

The	bipolar	voltage	was	found	to	be	significantly	lower	in	regions	of	slow	conduction	

compared	with	surrounding	areas	of	normal	conduction	velocity.	 In	this	example,	a	

zone	of	slow	conduction	can	be	seen	at	the	septal	isthmus	(white	arrows)	with	double	

potentials	 seen	at	 this	 location	 (Panel	C).	This	 region	corresponds	 to	a	zone	of	 low	

voltage	as	shown	in	the	voltage	map	in	Panel	B.		

	

Movie	5.7.	Bipolar	Voltage	in	Regions	of	Slow	Conduction	(Anterosuperior	RA)	

	

In	 this	example,	 conduction	block	was	observed	at	 the	anterosuperior	 right	atrium	

(white	arrows)	in	a	patient	with	clockwise	CTI	dependent	atrial	macro-reentry.		The	

voltage	map	shows	a	region	of	relatively	low	voltage	at	the	site	of	conduction	block	

[Panel	B].	Bipolar	electrograms	observed	at	this	site	are	shown	in	Panel	C.	
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Movie	5.8.	Upper	Loop	Re-entry	

	

Upper	loop	re-entry	was	observed	in	three	patients.	Panel	A.	In	these	patients,	there	

was	also	a	line	of	conduction	block	in	the	sinus	venous	region	of	the	posterior	right	

atrium	with	an	oblique	conduction	channel	located	in	the	superior	aspect	of	this	line	

of	 block.	 Panel	 B.	 The	 voltage	map	 highlights	 that	 conduction	 occurred	 through	 a	

channel	of	relative	normal	voltage.	 	Panel	C.	Within	the	channel	in	all	cases	a	broad	

local	fractionated	bipolar	electrogram	was	recorded.	
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CHAPTER	SIX	

	
	
Epicardial-Endocardial	Breakthrough	During	Stable	Atrial	

Macro-Reentry:	Evidence	From	High-Density	High-

Resolution	Three-Dimensional	Mapping	

	
	
6.1	INTRODUCTION	
	

The	 concept	 that	 the	 relatively	 thin	 atrial	 wall	 may	 have	 a	 3D	 structure	 with	

dissociation	 between	 endocardial	 and	 epicardial	 layers	 was	 first	 advanced	 by	

Schuessler	and	coworkers	in	a	canine	study.75	Subsequent	work	in	animal	models	of	

AF	suggested	that	epicardial-endocardial	breakthrough	(EEB)	may	be	an	 important	

factor	contributing	to	the	maintenance	of	the	arrhythmia.77-78	More	recent	work	both	

in	 ex	 vivo	 human	 hearts83	 and	 from	 intra-operative	 human	 mapping	 studies	 has	

supported	a	role	for	EEB	as	critical	to	the	maintenance	of	human	persistent	AF.80,81,82	

However,	 another	 intra-operative	 mapping	 study	 suggested	 that	 the	 majority	 of	

apparent	breakthrough	sites	were	actually	a	manifestation	of	true	focal	activity	at	that	

site.74	The	differentiation	can	be	challenging,	reliant	during	AF	on	the	morphology	of	

the	unipolar	electrogram.		

	

The	 recent	 development	 of	 high-density	 high-resolution	 3D	 mapping	 provides	 an	

opportunity	 to	 study	 atrial	 activation	 patterns	 to	 a	 level	 of	 detail	 not	 previously	

possible.331	Using	this	technology,	we	initially	observed	what	we	assumed	to	be	EEB	

in	 a	 case	 of	 CTI	 dependent	 atrial	macro-reentry	 that	 persisted	post	 linear	 ablation	
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despite	the	presence	of	complete	CTI	block	(Figure	6.1,	Movie	6.1)	and	was	confirmed	

with	both	entrainment	and	focal	ablation.	On	the	basis	of	this	observation	and	prior	

evidence	 suggesting	 EEB	 during	 persistent	 AF,	 we	 prospectively	 looked	 for	 this	

phenomenon	 in	 a	 series	 of	 patients	 undergoing	 high-density	 high-resolution	 3D	

mapping	 of	 stable	 atrial	 macro-reentry.	 We	 also	 evaluated	 the	 relevance	 of	 these	

breakthrough	sites	to	the	maintenance	of	the	arrhythmia.	
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6.2	METHODS	

	

Patient	Population	

26	patients	with	symptomatic	right	atrial	macro-reentry	referred	for	catheter	ablation	

were	studied.	All	patients	gave	written	informed	consent	and	the	study	protocol	was	

approved	by	the	local	Research	and	Human	Ethics	Committees.	

	

Electrophysiology	Study	

Anti-arrhythmic	 medications	 were	 discontinued	 for	 five	 half-lives	 prior	 to	 the	

procedure.		All	patients	underwent	TEE	if	not	anticoagulated	prior	to	the	procedure	to	

exclude	 left	 atrial	 thrombus.	 Procedures	 were	 performed	 either	 under	 conscious	

sedation	 or	 general	 anaesthesia.	 A	 Decapole	 catheter	 was	 placed	 in	 the	 CS	 in	 all	

patients.	 	 Based	 on	 operator	 discretion,	 a	Hexapole	 catheter	was	 placed	 at	 the	His	

location	and	a	Duodecapole	catheter	encircling	the	tricuspid	annulus.	

	

For	patients	in	sinus	rhythm	at	the	time	of	procedure,	burst	atrial	pacing	was	used	to	

induce	the	tachycardia.	 Intracardiac	unipolar	and	bipolar	electrograms	and	12-lead	

surface	ECG	were	recorded	simultaneously	on	a	computerized	digital	amplifier	system	

(EPMed	Systems,	West	Berlin,	NJ	or	Labsystem	Pro,	Bard,	Tewksbury,	MA).	Bipolar	

electrograms	were	filtered	at	30	and	300	Hz.	Unipolar	electrograms	were	filtered	at	1	

and	300	Hz.	Unipolar	signals	were	referenced	to	the	indifferent	electrode	in	the	IVC.	

	

3D	Electroanatomical	Mapping	

3D	electroanatomical	mapping	was	performed	with	 the	Rhythmia	mapping	 system	

(Boston	 Scientific,	 Natick,	 MA).	 Bipolar	 activation	 maps	 were	 created	 during	 the	
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arrhythmia	in	all	26	patients	and	during	CSp	pacing	in	sinus	rhythm	following	ablation	

in	8	patients.	The	IntellaMap-Orion	(Boston	Scientific,	Natick,	MA)	mapping	catheter	

was	used	to	create	the	3D	electroanatomical	map.		

	

The	Rhythmia	mapping	system	allows	real-time	automated	signal	analysis.	Automated	

mapping	is	mediated	through	continuous	mapping	via	user-defined	beat	acceptance	

criteria.	Cardiac	beats	were	selected	for	inclusion	in	the	map	based	on	multiple	criteria	

including	 (i)	 cycle	 length	 stability	 (±5	 ms)	 (ii)	 relative	 timing	 of	 a	 reference	

electrogram	positioned	 in	 the	CS	 (iii)	 respiratory	gating	 and	 (iv)	mapping	 catheter	

motion.	Chamber	surface	geometry	was	created	using	the	IntellaMap-Orion	mapping	

catheter	gated	to	cardiac	and	respiratory	cycles.	We	only	included	electrograms	within	

2	mm	of	the	surface	geometry.		

	

The	Rhythmia	mapping	 system	 automatically	 annotates	 local	 activation	 time	 using	

either	the	unipolar	or	bipolar	signal.	For	bipolar	activation	maps,	bipolar	electrograms	

with	a	single	component	are	annotated	at	the	maximum	peak	to	peak	amplitude	of	the	

bipolar	 electrogram.361	 For	 unipolar	 activation	 maps,	 the	 unipolar	 electrogram	 is	

annotated	at	the	maximum	negative	dV/dt.361	For	fractionated	and	multiple	potential	

bipolar	 electrograms,	 local	 activation	 time	 is	 annotated	 at	 the	 maximum	 negative	

dV/dt	of	the	corresponding	unipolar	electrogram	and	using	the	proprietary	algorithm	

known	as	Intelligent	Annotation,	the	system	then	compares	all	the	multitude	of	points	

in	 a	 neighbouring	 vicinity	 for	 similarity	 and	 takes	 into	 account	 the	 timing	 in	 the	

surrounding	area	to	select	the	potential	of	the	bipolar	electrogram	to	use	for	the	timing	

annotation.361	Based	on	the	timings	of	the	bipolar	activation	map,	a	propagation	map	

was	generated	of	the	atrial	macro-reentrant	circuit.		
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Entrainment	Confirmation	Of	Macro-Reentry	

Macro-reentry	 was	 considered	 to	 be	 “possibly	 present”	 when	 circuit	 recordings	

occupied	>90%	of	the	TCL.	Wavefront	propagation	was	visualized	by	advancing	a	10	

ms	 window	 of	 activation	 along	 the	 timescale.	 In	 all	 patients,	 the	 arrhythmia	 was	

confirmed	 as	 macro-reentry	 using	 entrainment.	 Entrainment	 was	 performed	 at	

multiple	atrial	sites	at	10-20	ms	below	the	TCL.	Macro-reentry	was	considered	to	be	

definitely	present	when	2	sites	>	2	cm	apart	were	within	the	circuit	(PPI	–	TCL	<	20	

ms)238	 and/or	 when	 orthodromic	 capture	 of	 upstream	 electrograms	 from	 a	

downstream	pacing	site	could	be	demonstrated.325	Macro-reentry	was	considered	to	

be	stable	when	there	was	<	20	ms	beat	to	beat	cycle	length	variation.325	

	

Sites	Of	EEB	

Bipolar	propagation	maps	were	reviewed	in	detail	for	sites	of	EEB.	During	stable	atrial	

macro-reentry,	EEB	was	defined	as:		

(i)	presence	of	a	focal	endocardial	activation	with	radial	spread	(which	could	therefore	

not	be	accounted	for	by	an	endocardial	wavefront)	and		

(ii)	present	with	the	same	timing	on	every	tachycardia	cycle.		

	

Bipolar	and	unipolar	electrograms	at	the	site	of	focal	breakthrough	were	individually	

analysed	to	confirm	the	direction	of	activation.	The	size	of	the	focal	breakthrough	was	

defined	by	the	area	of	electrodes	activated	within	5	ms	of	the	earliest	breakthrough.	

The	morphology	of	 the	unipolar	electrograms	at	 the	site	of	 focal	breakthrough	was	

also	analysed;	a	QS	pattern	was	considered	consistent	with	focal	activation	and	a	rS	

pattern	suggested	breakthrough	from	an	epicardial	site.	In	patients	with	CSp	pacing	
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maps	 in	 sinus	 rhythm,	 the	 location	 of	 the	 site	 of	 EEB	 was	 compared	 with	 the	

corresponding	bipolar	activation	map	in	tachycardia.		

	

Relationship	Of	Breakthrough	Sites	To	An	Adjacent	Line	Of	Block	

Although	not	included	as	part	of	the	definition,	these	sites	were	in	all	cases	located	in	

close	proximity	to	a	line	of	endocardial	conduction	slowing	or	block.	Immediately	after	

the	 wavefront	 reached	 the	 line,	 a	 focal	 activation	 appeared	 from	 the	 adjacent	

endocardium	 on	 the	 other	 side	 of	 the	 line	 suggesting	 a	 bridging	 epicardial	 fibre.	

Bipolar	 electrograms	 along	 the	 line	 of	 conduction	 block	 were	 reviewed	 for	 the	

presence	 of	 double	 potentials.	 Atrial	 conduction	 slowing	 was	 defined	 as	 a	 local	

conduction	velocity	of	10-20	cm/s	with	evidence	of	fractionated	signals	and	isochronal	

crowding.	 Conduction	 block	 was	 defined	 as	 a	 conduction	 velocity	 <	 10	 cm/s	 and	

presence	of	double	potentials.55,362	

	

The	mean	distance	from	the	line	of	endocardial	block	to	the	site	of	focal	endocardial	

breakthrough	 was	 determined	 in	 each	 patient	 based	 on	 an	 average	 of	 ten	

measurements.	Anatomic	stability	of	the	breakthrough	site	was	defined	as	the	beat	to	

beat	difference	in	the	site	of	earliest	breakthrough	in	mm	over	10	consecutive	beats	

divided	by	the	mean	distance	from	the	line	of	block	to	the	endocardial	breakthrough	

site.	Mean	conduction	velocity	was	also	calculated	from	the	line	of	endocardial	block	

to	the	site	of	focal	endocardial	breakthrough.		
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Entrainment	At	Site	Of	EEB		

Entrainment	mapping	(10-20	ms	<	TCL)	was	performed	in	selected	cases	at	the	site	of	

EEB.	 Entrainment	 pacing	maneuvers	were	 carried	 out	 from	 either	 the	 IntellaMap-

Orion	mapping	catheter	or	the	ablation	catheter.		

	

Statistical	Analysis	

All	statistical	analysis	was	performed	using	SPSS	software	version	23.0	(IBM,	Armonk,	

NY).	Normality	of	all	quantitative	variables	was	checked	using	the	Shapiro-Wilk	test.	

Continuous	variables	are	reported	as	mean	±	standard	deviation	or	median	and	IQR,	

as	appropriate.	Categorical	variables	are	reported	as	numbers	and	percentages.		
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6.3	RESULTS	
	
	
Baseline	Characteristics	
	
Twenty-six	patients	with	right	atrial	macro-reentry	underwent	3D	electroanatomical	

mapping	(Table	6.1).	The	mean	age	was	61	±	12	years.	Median	CHA2DS2VASc	score	

was	1	(IQR	0,	2).		Twelve	(46%)	patients	had	a	history	of	previous	cardiac	surgery;	4	

(15%)	patients	had	prior	CABG,	7	(27%)	patients	had	previous	mitral	valve	repair	and	

1(4%)	patient	had	a	history	of	patch	closure	for	congenital	ventricular	septal	defect.	

Mean	number	of	points	collected	 for	 the	3D	map	was	18,826	±	8,783	acquired	 in	a	

mean	of	21	±	11	minutes.	

	

Distribution	of	Atrial	Macro-Reentrant	Circuits	

Forty-three	 atrial	macro-reentry	 circuits	were	 observed	 in	 26	patients	 (Table	 6.1).	

Mean	TCL	was	 260	±	 36	ms.	 Twenty	 (47%)	 re-entry	 circuits	were	 consistent	with	

counter-clockwise	 CTI	 dependent	 atrial	 macro-reentry,	 3	 (7%)	 clockwise	 CTI	

dependent	 atrial	 macro-reentry	 and	 one	 (2%)	 example	 of	 intra-isthmus	 re-entry.	

There	were	3	(7%)	cases	of	upper	loop	re-entry,	15	of	lower	loop	re-entry	(35%)	and	

one	lateral	wall	circuit	(2%).		

	

Sites	Of	EEB	

In	 the	26	patients	studied,	 there	were	14	examples	of	EEB	seen	using	high-density	

high-resolution	3D	mapping	(Table	6.2).	In	11/14	(79%)	patients,	this	occurred	at	the	

posterior	right	atrium	(RA)	(4	at	the	superior	portion	of	the	posterior	wall	and	7	at	the	

inferior	section)	(Figure	6.2,	Movie	6.2).	In	the	remaining	cases,	there	was	an	example	

each	at	the	CTI	post	ablation,	the	RA	septum	and	the	inferolateral	RA	wall.	The	mean	



	 252	

area	 of	 the	 focal	 breakthrough	 site	 was	 0.6	 ±	 0.2cm2.	 The	 mean	 number	 of	

electrograms	evaluated	at	this	site	was	68	±	45.	A	mean	of	79.5	±	18.6%	of	unipolar	

electrograms	at	the	site	of	endocardial	breakthrough	demonstrated	a	rS	morphology.	

The	remaining	20.5	±	18.6%	had	a	QS	morphology.	

	

Relationship	Of	Breakthrough	Sites	To	An	Adjacent	Line	Of	Block	

In	all	cases,	there	was	evidence	of	a	line	of	endocardial	conduction	slowing	or	block	

followed	by	 focal	 breakthrough	 in	 close	 proximity	 to	 this	 line	 of	 conduction	block.	

Double	potentials	were	observed	in	all	patients	along	the	line	of	conduction	block.	The	

mean	distance	from	the	line	of	endocardial	block	to	the	site	of	focal	breakthrough	at	

the	posterior	RA	was	13.6	±	2.3	mm.	The	distance	from	the	line	of	endocardial	block	

to	the	site	of	endocardial	breakthrough	at	the	CTI,	RA	septum	and	inferolateral	RA	was	

19.4	mm,	15.0	mm	and	13.4	mm	respectively.	The	 location	of	 the	 focal	endocardial	

breakthrough	site	was	anatomically	stable	with	a	mean	beat	to	beat	variation	of	4.7	±	

2.4%.		

	

The	mean	conduction	velocity	from	the	line	of	endocardial	block	to	focal	breakthrough	

at	 the	posterior	RA	was	59.3	±	12.3cm/s.	The	 conduction	 velocity	 from	 the	 line	 of	

endocardial	block	to	the	site	of	endocardial	breakthrough	at	the	CTI,	RA	septum	and	

inferolateral	RA	was	36.2	cm/s,	76.9	cm/s	and	104.7	cm/s	respectively.	

	

Comparison	Of	Presence	Of	EEB	With	CSp	Pacing	

In	 two	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry,	 bipolar	 activation	 maps	

during	tachycardia	and	stable	CSp	pacing	were	created.	In	these	patients,	the	presence	

of	EEB	was	observed	at	the	posterior	RA	in	the	same	anatomical	location	both	during	
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tachycardia	and	stable	CSp	pacing	(Figure	6.3,	Movie	6.3).	In	patient	1,	the	site	of	focal	

endocardial	breakthrough	was	located	at	the	superior	part	of	the	posterior	RA	during	

tachycardia	and	CSp	pacing.	In	patient	2,	focal	endocardial	breakthrough	was	located	

at	the	inferior	part	of	the	posterior	RA.		

	

Entrainment	Evidence	For	EEB		

In	four	patients,	there	was	entrainment	evidence	in	support	of	EEB.	In	two	of	these	

patients	with	 CTI	 dependent	 atrial	macro-reentry,	 after	 the	wavefront	 reached	 the	

posterior	line	of	conduction	block,	focal	endocardial	breakthrough	was	observed	on	

the	opposite	side	of	the	line	in	the	posterior	RA.	Despite	the	presence	of	this	line	of	

endocardial	block,	entrainment	sites	at	the	posterior	RA	were	within	the	circuit	(mean	

PPI	–	TCL	at	these	entrainment	sites	was	14	±	7	ms).		Furthermore,	in	another	patient	

with	 counter-clockwise	 CTI	 dependent	 atrial	 macro-reentry,	 focal	 endocardial	

breakthrough	was	seen	at	 the	 inferior	posterior	RA	(lateral	 to	 the	posterior	 line	of	

conduction	 block).	 Entrainment	 performed	 at	 the	 site	 of	 focal	 endocardial	

breakthrough	was	consistent	with	this	location	being	within	the	circuit	(PPI	–	TCL	=	

16	ms)	suggesting	that	conduction	had	occurred	via	an	epicardial	muscle	bundle	that	

travelled	 deep	 to	 the	 posterior	 line	 of	 block	 and	 inserted	 at	 the	 site	 of	 focal	

breakthrough.	

	

In	one	patient	with	CTI	dependent	atrial	macro-reentry,	there	was	evidence	of	EEB	at	

the	CTI	following	ablation	(Figure	6.1,	Movie	6.1).	 	During	CTI	linear	ablation,	there	

was	an	increase	in	the	TCL	from	240	ms	to	270	ms.	Review	of	the	12-lead	ECG	showed	

the	 flutter	waves	morphology	 to	 be	 identical	 pre	 and	post	 ablation.	 A	 new	bipolar	

activation	map	was	created	which	showed	the	presence	of	focal	breakthrough	near	the	
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CS	 os	 which	 propagated	 both	 back	 towards	 the	 CTI	 ablation	 line	 and	 also	 in	 the	

opposite	direction	continuing	to	ascend	the	RA	septum.	Complete	conduction	block	

was	noted	at	the	CTI	ablation	line.	Entrainment	showed	multiple	regions	around	the	

tricuspid	annulus	were	within	the	circuit	including	immediately	lateral	to	the	CTI	line	

and	at	the	site	of	apparent	breakthrough.	Mean	PPI	–	TCL	at	entrainment	sites	around	

the	tricuspid	annulus	was	14	±	5	ms.	This	suggested	that	conduction	had	occurred	via	

an	 epicardial	muscle	bundle	 that	 travelled	deep	 to	 the	CTI	 linear	 ablation	 line	 and	

inserted	at	the	focal	breakthrough	site.	Single	application	of	radiofrequency	ablation	

at	this	site	near	the	CS	os	resulted	in	termination	of	the	tachycardia	and	return	to	sinus	

rhythm.	
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6.4	DISCUSSION	

	

Using	high-density	high-resolution	3D	mapping,	we	believe	that	this	is	the	first	series	

reporting	 the	demonstration	of	EEB	during	stable	atrial	macro	re-entry	 in	humans.	

The	high-density	3D	mapping	is	supported	by	systematic	entrainment	confirmation	

and	by	demonstration	of	the	same	phenomenon	during	pacing.	

	

The	main	findings	of	this	study	include:	

1. Using	high-density	high-resolution	3D	mapping,	there	is	evidence	for	anatomically	

determined	EEB	during	stable	right	atrial	macro-reentry.		

2. In	4	patients,	entrainment	demonstrated	that	the	EEB	sites	were	part	of	the	circuit	

and	in	one	of	these	patients,	appeared	critical	to	arrhythmia	maintenance.		

3. Demonstration	 of	 EEB	during	 atrial	macro-reentry	 required	 the	 presence	 of	 an	

adjacent	line	of	block	or	conduction	slowing.	This	may	explain	why	the	posterior	

RA	in	close	proximity	to	the	posterior	line	of	block	was	the	most	common	site	at	

which	EEB	was	observed.	

	

Existing	Evidence	For	EEB	

The	 presence	 of	 epicardial-endocardial	 dissociation	 in	 the	 atrium	 and	 its	 role	 in	

arrhythmia	mechanism	 continues	 to	 be	 debated.	 In	 a	 canine	model	 of	 stable	 atrial	

pacing,	Schuessler	et	al.	demonstrated	that	differences	in	epicardial	and	endocardial	

activation	patterns	correlated	with	the	underlying	anatomic	architecture.75	Pectinate	

muscles	 in	 regions	 of	 discordance	 were	 often	 discontinuous	 with	 the	 epicardial	

surface.	However,	dissociated	activation	was	also	present	in	regions	where	the	atrial	

wall	 thickness	 was	 <	 0.5	 mm	 and	 correlated	 with	 transmural	 differences	 in	 fiber	
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orientation.	 Eckstein	 et	 al.	 performed	 simultaneous	 epicardial	 and	 endocardial	

mapping	of	the	LA	free	wall	 in	a	goat	model	of	AF,	demonstrating	that	the	majority	

(86%)	of	breakthroughs	could	be	explained	by	transmural	conduction	and	that	only	

13%	were	due	to	focal	activations.77	The	incidence	of	breakthroughs	increased	with	

AF	 duration	 due	 to	 progressive	 uncoupling	 between	 the	 epicardial	 layer	 and	 the	

endocardial	bundles;	and	correlated	with	increasing	stability	and	complexity	of	the	AF	

substrate.78	

	

In	an	epicardial	mapping	study	of	24	patients	with	 long-standing	persistent	AF,	De	

Groot	et	al.	demonstrated	the	presence	of	focal	fibrillation	waves	widely	distributed	

over	both	atria	and	recorded	in	46%	of	all	electrodes.81	These	were	not	repetitive	and	

in	the	majority	of	unipolar	electrograms	a	small	R	wave	could	be	recorded,	favouring	

epicardial	 breakthrough	 rather	 than	 a	 focal	 mechanism.	 They	 hypothesized	 that	

repeated	EEB	may	be	important	in	sustaining	the	arrhythmia.		

	

In	contrast,	in	an	epicardial	mapping	study	of	12	patients	with	persistent	AF,	Lee	et	al.	

observed	repetitive	focal	activations	at	multiple	sites	in	11	patients	and	suggested	that	

these	were	responsible	for	maintenance	of	the	arrhythmia.74	Focal	activations	were	

defined	by	 the	presence	of	a	QS	pattern	on	 the	unipolar	electrogram.	The	different	

conclusions	 drawn	 by	 these	 latter	 2	 studies	 highlight	 the	 difficulty	 of	 separating	 a	

breakthrough	 from	a	 focal	activation	on	the	basis	of	a	small	unipolar	R	wave.	Most	

recently,	de	Groot	et	al.	performed	simultaneous	epicardial-endocardial	mapping	of	

the	RA	free	wall	in	10	patients	with	AF.82	They	observed	that	the	vast	majority	of	focal	

waves	were	 due	 to	 breakthrough	 from	 a	wavefront	 arriving	 on	 the	 opposite	 side.	

However,	a	number	of	endocardial	mapping	studies	have	suggested	that	persistent	AF	
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is	 maintained	 by	 rotors	 without	 evidence	 that	 the	 arrhythmia	 mechanism	 is	

dependent	upon	EEB.62,71	

	

Evidence	For	EEB	During	Stable	Atrial	Macro-Reentry	

In	 the	 current	 high-density	 high-resolution	 3D	 mapping	 study,	 we	 found	 strong	

evidence	for	the	presence	of	EEB	in	14/26	(54%)	patients.	In	an	arrhythmia	proven	

with	 entrainment	 techniques	 to	 represent	 stable	 atrial	 macro-reentry,	 focal	

breakthrough	sites	with	constant	anatomic	location	could	be	demonstrated.	In	4	cases,	

the	EEB	sites	were	part	of	the	circuit	and	in	one	of	these	cases,	critical	to	arrhythmia	

maintenance.	In	all	cases	breakthrough	sites	occurred	in	immediate	proximity	to	an	

endocardial	 line	of	slow	conduction	or	block	which	we	speculate	was	necessary	for	

this	 phenomenon	 to	 be	 demonstrable.	 During	 stable	 uniform	 atrial	macro-reentry,	

simultaneous	 endocardial-epicardial	 activation	 would	 otherwise	 prevent	 the	

demonstration	 of	 epicardial-endocardial	 dissociation.	 However,	 in	 the	 presence	 of	

endocardial	block	this	differential	activation	became	apparent.		

	

Anatomic	Determinants	Of	Breakthrough	Sites	

The	fixed	anatomic	location	of	the	breakthrough	site	and	the	demonstration	that	this	

activation	pattern	was	also	present	during	atrial	pacing	strongly	suggests	the	presence	

of	anatomic	determinants.	Several	anatomic	studies	have	described	posterior	 inter-

atrial	bundles	(superior,	middle	and	inferior)	between	the	posterior	left	atrium	and	

the	inter-caval	region	of	the	RA	in	a	majority	of	specimens	(Figure	6.4).38,363	These	may	

explain	the	posterior	RA	breakthrough	sites	seen	in	the	current	study.	It	is	possible	

that	the	breakthrough	sites	observed	in	this	study	were	functionally	determined	by	

heterogeneities	in	refractoriness.	However,	the	probability	that	this	may	be	related	to	
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a	fixed	anatomic	muscle	bundle	is	increased	by	the	observation	of	the	identical	pattern	

during	tachycardia	and	stable	pacing	after	sinus	rhythm	had	been	achieved.	

	

Anatomic	studies	of	the	CTI	demonstrate	that	this	region	consists	of	discrete	muscle	

bundles	in	a	majority	of	cases	with	heterogeneity	of	the	muscle	bundle	arrangement	

which	 are	 separated	 by	 connective	 tissue.363,364	 In	 the	 case	 in	 the	 current	 study,	

complete	 endocardial	 CTI	 block	 was	 present	 with	 ongoing	 proven	 peri-tricuspid	

macro-reentry.	There	was	a	CTI	breakthrough	site	septal	to	the	line	of	block	which	was	

“in	the	circuit”	by	PPI.	Focal	ablation	at	this	site	terminated	the	arrhythmia	suggesting	

the	 presence	 of	 an	 epicardial	 muscle	 bundle	 breaking	 through	 at	 this	 endocardial	

location.		

	

Clinical	Implications	

The	 current	 study	 demonstrates	 that	 EEB	 may	 occur	 during	 stable	 atrial	 macro-

reentry.	Dissociated	epicardial	fibers	may	form	part	of	the	reentrant	circuit.			

	

Limitations	

The	current	study	only	included	patients	with	right	atrial	macro-reentry.	It	is	unclear	

whether	our	findings	are	also	present	in	left	atrial	macro-reentry.	We	did	not	entrain	

at	the	breakthrough	site	in	all	patients	with	this	phenomenon	and	so	cannot	exclude	

that	a	higher	proportion	of	these	sites	were	involved	in	the	active	circuit.		Conduction	

velocity	in	a	clinical	study	is	only	an	approximation	based	on	the	anatomic	distance	

and	the	conduction	time.	We	have	not	been	able	to	correct	for	curvature	around	a	line	

of	block.	 	
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6.5	CONCLUSIONS	

	

Using	high-density	high-resolution	3D	mapping,	EEB	sites	could	be	demonstrated	in	

54%	 of	 patients	 with	 stable	 right	 atrial	 macro-reentry.	 The	 high-density	 high-

resolution	3D	mapping	is	supported	by	systematic	entrainment	confirmation	and	by	

the	demonstration	of	the	same	phenomenon	during	pacing.		
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6.6	TABLES		

	
Table	6.1.	Baseline	Characteristics	

	
	 n	=	26	

Age,	yrs*	 61	±	12	

Male	gender,	n	(%)	 21	(81%)	

Hypertension,	n	(%)	 8	(31%)	

Diabetes,	n	(%)	 4	(15%)	

Ischaemic	heart	disease,	n	(%)	 6	(23%)	

TIA/Stroke,	n	(%)	 2	(8%)	

CHA2DS2VASc	scorey	 1(0,	2)	

Left	ventricular	function	 	

Normal,	n	(%)	 19	(73%)	

Mild,	n	(%)	 4	(15%)	

Moderate,	n	(%)	 2	(8%)	

Severe,	n	(%)	 1	(4%)	

Previous	cardiac	surgery	 	

CABG	 4	(15%)	

Mitral	valve	repair/replacement	 7	(27%)	

Distribution	of	Atrial	macro-reentrant	circuits	(n	=	43)	 	

Counterclockwise	CTI	Dependent,	n	(%)	 20	(47%)	

Clockwise	CTI	Dependent,	n	(%)	 3	(7%)	

Upper	Loop	Reentry,	n	(%)	 3	(7%)	

Lower	Loop	Reentry,	n	(%)	 15	(35%)	

Intra-Isthmus	Reentry,	n	(%)	 1	(2%)	

Lateral	wall	circuit,	n	(%)	 1	(2%)	

*presented	as	mean	±	SD,	ypresented	as	median	(25th	percentile,	75th	percentile)		

TIA	represents	transient	ischaemic	attack,	CABG;	coronary	artery	bypass	surgery	
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Table	6.2.	Anatomical	Location	Of	EEB	Sites	

	
  

	 n	=	14		

Posterior	Right	Atrium	 	

Superior,	n	(%)	 4	(29%)	

Inferior,	n	(%)	 7	(50%)	

CTI	Post	Ablation,	n	(%)	 1	(7%)	

Right	Atrial	Septum,	n	(%)		 1	(7%)	

Inferolateral	Right	Atrium,	n	(%)	 1	(7%)	
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6.7	FIGURES	

	

Figure	6.1.	Entrainment	Evidence	For	EEB	

	

In	this	example	of	CTI	dependent	atrial	macro-reentry,	there	was	evidence	of	EEB	at	

the	CTI	following	linear	ablation.	Panel	A.	In	a	LAO	view,	a	wavefront	is	present	at	the	

lateral	 isthmus	 (green	 arrow)	 approaching	 the	 CTI	 ablation	 line	 (dotted	 red	 line).	

Panel	 B.	 Endocardial	 conduction	 block	 across	 the	 CTI	 ablation	 line	 is	 present	with	

double	potentials.		Panel	C.	There	is	evidence	of	focal	endocardial	activation	septal	to	

the	CTI	ablation	line	near	the	CS	os	with	earliest	activity	28	ms	before	the	reference	CS	

signal.	Panel	D.	Activation	subsequently	spreads	laterally	towards	the	CTI	ablation	line	

and	septally	around	the	tricuspid	annulus.	The	electrograms	show	progressively	later	

activation	 occurring	 18	ms	 and	 10	ms	 before	 the	 reference	 CS	 signal	 as	 the	 focal	

endocardial	activation	travels	laterally	towards	the	CTI	ablation	line.	Entrainment	at	

multiple	sites	around	the	tricuspid	annulus	was	within	the	active	circuit.		
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Figure	6.2.	EEB	At	The	Posterior	RA		

	

Panel	A.	In	this	example	of	counter-clockwise	CTI	dependent	atrial	macro-reentry,	the	

wavefront	has	encountered	conduction	block	at	the	posterior	line	of	block	(long	blue	

arrows).	Panel	B.	Immediately	after	this	wavefront	had	reached	the	line	of	block,	focal	

endocardial	activation	occurred	on	the	opposite	side	of	the	line	(earliest	activity	34	ms	

after	the	reference	CS	signal).	Panel	C.	There	is	evidence	of	radial	spread	(short	blue	

arrows)	with	progressively	 later	activation	(electrograms	provided	show	activation	

occurring	43	ms,	48	ms	and	53	ms	after	the	reference	CS	signal	as	focal	endocardial	

activation	travels	towards	the	posterior	line	of	block.	B	refers	to	bipolar	electrogram,	

U	refers	to	unipolar	electrogram,	CS	refers	to	reference	CS.	
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Figure	6.3.	EEB	At	The	Posterior	RA	During	Tachycardia	And	CSp	Pacing	

	

The	presence	of	EEB	was	observed	at	the	posterior	RA	both	in	tachycardia	and	during	

stable	 CSp	 pacing.	 Panel	 A.	 During	 counter-clockwise	 atrial	 macro-reentry,	 the	

wavefront	experienced	conduction	slowing	and	block	at	the	posterior	RA	(long	blue	

arrows).	 Panel	 B.	 Focal	 endocardial	 activation	 occurred	 immediately	 after	 the	

wavefront	reached	the	 line	of	endocardial	conduction	block	(earliest	activity	57	ms	

after	the	reference	CS	signal).	Panel	C.	There	is	evidence	of	radial	spread	of	the	focal	

endocardial	 activation	 (short	 blue	 arrows).	 The	 electrograms	 show	 activation	

occurring	 68	ms	 and	 77	ms	 after	 the	 reference	 CS	 signal	 as	 the	 focal	 endocardial	

activation	 travels	 towards	 the	 posterior	 line	 of	 block.	Panel	D.	 In	 the	 same	patient	

during	stable	CSp	pacing,	there	is	conduction	slowing	and	block	at	the	posterior	RA	

with	 evidence	 of	 focal	 endocardial	 activation	 in	 Panel	 E.	 The	 focal	 endocardial	

activation	has	 occurred	 at	 the	 same	 anatomical	 location	 as	 during	 the	 tachycardia.	

Earliest	activity	was	93	ms	after	the	CSp	pacing	spike.	Panel	F.	There	is	radial	spread	

with	 progressive	 later	 activation	 towards	 the	 line	 of	 block	 (electrograms	 show	

activation	occurring	93	ms,	100	ms	and	108	ms	after	CSp	pacing	spike).	B	refers	to	

bipolar	signal,	CS	refers	to	reference	CS	signal.	
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Figure	6.4.	Posterior	Inter-Atrial	Bundles	

	

This	figure	shows	the	presence	of	posterior	inter-atrial	bundles	(superior,	middle	and	

inferior)	between	the	posterior	left	atrium	and	the	inter-caval	region	of	the	RA	in	a	

majority	of	cases.	These	may	explain	the	posterior	RA	breakthrough	sites	seen	in	the	

current	 study.	 LS	 refers	 to	 left	 superior	 pulmonary	 vein,	 LI	 refers	 to	 left	 inferior	

pulmonary	vein,	RS	refers	to	right	superior	pulmonary	vein,	RI	refers	to	right	inferior	

pulmonary	vein,	 ICV	 refers	 to	 inferior	vena	cava,	 SCV	 refers	 to	 superior	vena	cava.	

Reproduced	with	permission	from	J	Cardiovasc	Electrophysiol.38	

 	



	 268	

6.8 MOVIES	
	
	

The	following	movies	can	be	accessed	by	clicking	or	copying	the	link	below	into	your	

web	browser:	

https://www.dropbox.com/sh/xmyv5veswcj9v0t/AADO7SaHT-

4d2UqqeXnV7uxja?dl=0	

	

Movie	6.1.	Entrainment	Evidence	For	EEB	

	

In	this	example	of	CTI	dependent	atrial	macro-reentry,	there	was	evidence	of	EEB	at	

the	CTI	following	linear	ablation.	As	shown	in	a	LAO	view,	the	propagating	wavefront	

has	 encountered	 endocardial	 conduction	 block	 at	 the	 CTI	 ablation	 line	 with	 the	

presence	of	double	potentials	along	this	line.	Immediately	following	conduction	block	

at	the	CTI	ablation	line,	there	is	evidence	of	focal	endocardial	activation	septal	to	the	

ablation	line	near	the	CS	os.	Activation	subsequently	spreads	laterally	towards	the	CTI	

ablation	line	and	septally	around	the	tricuspid	annulus.	Entrainment	at	multiple	sites	

around	the	tricuspid	annulus	including	lateral	to	the	CTI	ablation	line	and	at	the	site	

of	focal	breakthrough	was	within	the	active	circuit.	B	refers	to	bipolar	electrogram,	CS	

refers	to	reference	CS	signal.	

	

Movie	6.2.	EEB	At	The	Posterior	RA		

	

In	 this	 example	 of	 counter-clockwise	 CTI	 dependent	 atrial	 macro-reentry,	 the	

wavefront	has	encountered	conduction	block	at	the	posterior	line	of	block	(long	blue	

arrows).	 Immediately	 after	 this	 wavefront	 had	 reached	 the	 line	 of	 block,	 focal	
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endocardial	activation	occurred	on	the	opposite	side	of	the	line.	There	is	evidence	of	

radial	 spread	 (short	 blue	 arrows)	 with	 progressively	 later	 activation.	 B	 refers	 to	

bipolar	electrogram,	U	refers	to	unipolar	electrogram,	CS	refers	to	reference	CS	signal.	

	

Movie	6.3.	EEB	At	The	Posterior	RA	During	Tachycardia	And	CSp	Pacing	

	

The	presence	of	EEB	was	observed	at	the	posterior	RA	both	in	tachycardia	and	during	

stable	 CSp	 pacing.	 During	 counter-clockwise	 atrial	macro-reentry	 as	 shown	 in	 the	

example	of	the	left,	 the	wavefront	experienced	conduction	slowing	and	block	at	the	

posterior	RA	(long	blue	arrows).	Focal	endocardial	activation	occurred	immediately	

after	 the	 wavefront	 reached	 the	 line	 of	 endocardial	 conduction	 block.	 There	 is	

evidence	of	radial	spread	of	the	focal	endocardial	activation	(short	blue	arrows).	In	the	

same	patient	during	stable	CSp	pacing	as	shown	in	the	example	on	the	right,	there	is	

conduction	 slowing	 and	 block	 also	 at	 the	 posterior	 RA	 with	 evidence	 of	 focal	

endocardial	 activation.	 The	 focal	 endocardial	 activation	 has	 occurred	 at	 the	 same	

anatomical	 location	 as	 during	 tachycardia.	 There	 is	 radial	 spread	with	 progressive	

later	 activation	 towards	 the	 line	 of	 block.	 B	 refers	 to	 bipolar	 signal,	 CS	 refers	 to	

reference	CS	signal.	
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CHAPTER	SEVEN	

	

Entrainment	And	High	Density	Three	Dimensional	

Mapping	In	Right	Atrial	Macro-Reentry	Provide	Critical	

Complementary	Information:	Entrainment	May	Unmask	

“Visual	Reentry”	As	Passive	

	

7.1	INTRODUCTION	

	

Entrainment	 mapping	 is	 an	 established	 electrophysiological	 technique	 to	 identify	

arrhythmia	mechanism	as	well	 as	define	 components	of	 the	 reentrant	 circuit.	 First	

described	in	the	late	1970’s	by	Waldo	et	al.,236	entrainment	mapping	was	subsequently	

applied	to	localize	areas	of	the	myocardium	that	were	within	a	reentrant	circuit,	both	

during	atrial	macro-reentry246,257,350	and	ventricular	tachycardia.323		

	

The	 evolution	 of	 3D	 electroanatomical	 mapping	 systems	 has	 greatly	 assisted	

electrophysiologists	 in	 delineating	 complex	 circuits,	 particularly	 in	 the	 setting	 of	

abnormal	 atrial	 anatomy,	 regions	 of	 scar	 and	 multiple	 circuits.289,352	 However,	

entrainment	mapping	 has	 continued	 to	 prove	 important	 for	 rapid	 identification	 of	

macro-reentry325	and	rapid	determination	of	regions	of	the	atria	directly	involved	in	

the	reentrant	circuit.226,299	
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With	the	recent	advent	of	high-density	high-resolution	3D	mapping	systems	that	allow	

automated	 electrogram	 annotation	 and	 the	 rapid	 acquisition	 of	 thousands	 of	

activation	points	resulting	in	a	level	of	detail	not	previously	possible,331	the	ongoing	

utility	of	classical	entrainment	techniques	to	define	reentrant	circuits	has	been	called	

into	question.365	In	addition,	potential	entrainment	limitations	such	as	termination	or	

change	 in	 a	 tachycardia	 circuit	 and	 the	 inability	 to	 entrain	 low	 amplitude	 or	

fractionated	potentials	have	been	considered	by	some	to	be	potential	drawbacks	to	

the	use	of	this	methodology.361	On	the	other	hand,	whilst	these	new	technologies	have	

resulted	 in	 high-fidelity	 3D	 electroanatomical	 maps,	 the	 limitations	 of	 visual	

representation	and	interpretation	are	unclear.		

	

In	the	current	study,	during	mapping	of	right	atrial	macro-reentry,	we	systematically	

combined	 high-density	 high-resolution	 3D	 mapping	 with	 detailed	 entrainment	

mapping	to	characterize	the	strengths	and	pitfalls	of	both	techniques.		
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7.2	METHODS	

	

Patient	Population	

15	patients	with	symptomatic	right	atrial	macro-reentry	referred	for	catheter	ablation	

were	studied.	All	patients	gave	written	informed	consent	and	the	study	protocol	was	

approved	by	the	local	Research	and	Human	Ethics	Committee.	

	

Electrophysiology	Study	

Anti-arrhythmic	medications	were	discontinued	for	5	half-lives	prior	to	the	procedure.	

TEE	 was	 performed	 in	 all	 patients	 immediately	 before	 the	 commencement	 of	 the	

procedure	 to	exclude	 left	 atrial	 thrombus.	All	 cases	were	performed	under	general	

anaesthesia.	A	Decapole	catheter	was	placed	in	the	CS	and	a	Hexapole	catheter	at	the	

His	location.		Based	on	operator	discretion,	a	Duodecapole	catheter	was	placed	in	the	

RA	 encircling	 the	 tricuspid	 annulus.	 For	 patients	 in	 sinus	 rhythm	 at	 the	 time	 of	

procedure,	 burst	 atrial	 pacing	 was	 used	 to	 induce	 the	 macro-reentrant	 atrial	

tachycardia.	Intracardiac	unipolar	and	bipolar	electrograms	and	12-lead	surface	ECG	

were	 recorded	 simultaneously	 on	 a	 computerized	 digital	 amplifier	 system	 (EPMed	

Systems,	West	Berlin,	NJ).	Unipolar	electrograms	were	filtered	at	1	and	300	Hz.	Bipolar	

electrograms	were	filtered	at	30	and	300	Hz.	Unipolar	signals	were	referenced	to	the	

indifferent	electrode	in	the	IVC.	

	

3D	Electroanatomical	Mapping	

3D	electroanatomical	mapping	was	performed	with	 the	Rhythmia	mapping	 system	

(Boston	 Scientific,	 Natick,	 MA).	 Bipolar	 activation	 maps	 were	 created	 during	 the	
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arrhythmia	 in	 all	 15	 patients.	 The	 IntellaMap-Orion	 (Boston	 Scientific,	 Natick,	MA)	

mapping	catheter	was	used	to	create	the	3D	electroanatomical	map.		

	

The	Rhythmia	mapping	system	allows	real-time	automated	signal	analysis.	Automated	

mapping	is	mediated	through	continuous	mapping	via	user-defined	beat	acceptance	

criteria.	Cardiac	beats	were	selected	for	inclusion	in	the	map	based	on	multiple	criteria	

including	 (i)	 cycle	 length	 stability	 (±5	 ms)	 (ii)	 relative	 timing	 of	 a	 reference	

electrogram	positioned	 in	 the	CS	 (iii)	 respiratory	gating	 and	 (iv)	mapping	 catheter	

motion.	Chamber	surface	geometry	was	created	using	the	IntellaMap-Orion	mapping	

catheter	gated	to	cardiac	and	respiratory	cycles.	We	only	included	electrograms	within	

2	mm	of	the	surface	geometry.	

	

The	Rhythmia	mapping	 system	 automatically	 annotates	 local	 activation	 time	 using	

either	 the	 unipolar	 or	 bipolar	 signal.361	 For	 bipolar	 activation	 maps,	 bipolar	

electrograms	with	a	single	component	were	annotated	at	the	maximum	peak	to	peak	

amplitude	of	 the	bipolar	electrogram.361	For	unipolar	activation	maps,	 the	unipolar	

electrogram	was	 annotated	 at	 the	maximum	 negative	 dV/dt.	 For	 fractionated	 and	

multiple	potential	bipolar	electrograms,	the	system	combines	information	from	both	

the	 signal	 itself	 and	 evidence	 from	 the	 surrounding	 electrograms	 to	 decide	 which	

potential	to	annotate.	Specifically,	local	activation	time	was	annotated	at	the	maximum	

negative	dV/dt	of	the	corresponding	unipolar	electrogram	and	using	the	proprietary	

algorithm	known	as	the	Intelligent	Annotation	algorithm,	the	system	then	reviews	the	

multitude	of	points	in	the	neighbouring	vicinity	for	similarity,	takes	into	account	the	

timing	 in	 the	 surrounding	 area	 and	 compares	 their	 detected	 activations	 to	 help	

annotate	these	multi-potential	signals.361,366	
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Based	on	the	timings	of	the	bipolar	activation	map,	a	propagation	map	was	generated.	

Wavefront	propagation	was	visualized	by	advancing	a	10	ms	window	of	 activation	

along	the	timescale.	Based	on	the	propagation	map	alone,	the	number	and	type	of	atrial	

macro-reentrant	 circuits	 (CTI	dependent	atrial	macro-reentry,	upper	 loop	 re-entry,	

lower	loop	re-entry	and	lateral	wall	circuit)	accounting	for	≥	90%	of	the	TCL	using	this	

technique	was	determined.366		

	

Entrainment	Mapping	

Entrainment	mapping	was	systematically	performed	at	multiple	anterior,	posterior,	

lateral	and	septal	right	atrial	sites,	the	posterior	line	of	block	as	well	as	at	sites	located	

within	 the	 circuits	 observed	 using	 the	 propagation	 map.	 Entrainment	 pacing	

maneuvers	were	carried	out	from	either	the	IntellaMap-Orion	mapping	catheter	or	the	

ablation	catheter.	The	cycle	length	of	the	atrial	macro-reentry	circuit	was	measured	

and	entrainment	was	performed	at	a	cycle	length	10-20	ms	less	than	the	TCL.		

	

Cycle	length	stability	was	determined	by	calculating	the	mean	beat	to	beat	difference	

in	TCL	of	10	consecutive	beats	prior	to	each	entrainment	maneuver.	The	difference	in	

mean	TCL	pre	and	post	entrainment	was	based	on	the	TCL	of	10	consecutive	beats	pre	

and	post	each	entrainment	run.	Alteration	in	TCL	due	to	entrainment	was	defined	as	a	

difference	in	the	mean	TCL	pre	and	post	entrainment	>	10	ms.	

	

Macro-reentry	was	diagnosed	when	at	 least	2	atrial	pacing	sites	at	 least	2	cm	apart	

were	within	 the	 circuit	 (PPI-TCL	<	20	ms)238	 and/or	when	orthodromic	 capture	of	

upstream	 electrograms	 from	 a	 downstream	 pacing	 site	 could	 be	 demonstrated.325	

Sites	were	within	the	circuit	if	the	PPI–TCL	was	<	20	ms.	Sites	with	a	PPI-TCL	between	
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20-40	ms	were	considered	intermediate.	Sites	with	a	PPI-TCL	>	40	ms	were	thought	

to	be	outside	the	active	circuit.	The	number	and	type	of	atrial	macro-reentry	circuits	

(CTI	dependent	 atrial	macro-reentry,	 upper	 loop	 re-entry,	 lower	 loop	 re-entry	 and	

lateral	 wall	 circuit)	 seen	 during	 high-density	 high-resolution	 3D	 mapping	 were	

verified	using	systematic	entrainment	mapping.		

	

Sites	of	Unexpectedly	Long	PPI	

Entrainment	 sites	 that	 had	 an	 unexpectedly	 long	 PPI	 despite	 either	 being	 in	 close	

proximity	or	within	the	expected	location	of	the	active	circuit	were	carefully	evaluated.		

Entrainment	was	repeated	at	least	twice	at	these	sites	and	care	taken	to	ensure	the	

presence	 of	 entrainment	 and	 the	 absence	 of	 change	 in	 circuit	 or	 cycle	 length	

immediately	post-pacing.	Propagation	maps	were	reviewed	for	zones	of	conduction	

slowing	and	block	occurring	between	these	sites	and	nearby	sites	which	were	in	the	

circuit	on	entrainment.	Atrial	conduction	slowing	was	defined	as	a	local	conduction	

velocity	of	10-20	cm/s	with	evidence	of	fractionated	signals	and	isochronal	crowding.	

Conduction	block	was	defined	 as	 a	 conduction	 velocity	<	10	 cm/s	 and	presence	of	

double	potentials.55,355,362	

	

Statistical	Analysis	

All	statistical	analysis	was	performed	using	SPSS	software	version	23.0	(IBM,	Armonk,	

NY).	Normality	of	all	quantitative	variables	was	checked	using	the	Shapiro-Wilk	test.	

Continuous	variables	are	reported	as	mean	±	standard	deviation	or	median	and	IQR,	

as	 appropriate.	 Categorical	 variables	 are	 reported	 as	 numbers	 and	 percentages.	

Comparisons	of	percentage	of	TCL	covered	by	active	and	passive	circuits,	or	PPI	-	TCL	
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between	active	and	passive	circuits	were	performed	using	ANOVA	with	patient	as	a	

random	effect.	A	p	value	<	0.05	was	considered	statistically	significant.	
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7.3	RESULTS	

	
Baseline	Characteristics	
	
Fifteen	 patients	 with	 right	 atrial	 macro-reentry	 underwent	 3D	 electroanatomical	

mapping	(Table	7.1).	The	mean	age	was	61	±	12	years.		7	(47%)	patients	had	a	history	

of	previous	cardiac	surgery;	3	(20%)	patients	had	prior	CABG	and	4	(27%)	patients	

had	previous	mitral	valve	repair.	Median	CHA2DS2VASc	score	was	2	(IQR	1,2).	Mean	

number	 of	 points	 collected	 for	 the	 3D	 electroanatomical	map	was	 23,693	 ±	 7,765	

acquired	in	a	mean	of	26	±	8	minutes.		

	

Entrainment	Characteristics	

A	total	of	345	entrainment	runs	were	performed	with	a	mean	of	23	±	11	per	patient.	

The	 overall	 mean	 beat	 to	 beat	 difference	 in	 TCL	was	 5	 ±	 4	ms.	 The	 overall	 mean	

difference	in	TCL	pre	and	post	entrainment	was	1	±	1	ms.	In	2/345	(0.6%)	entrainment	

runs,	the	difference	in	the	pre	and	post	entrainment	mean	TCL	was	>	10	ms.	None	of	

the	entrainment	runs	resulted	in	termination	of	tachycardia	or	change	to	a	different	

tachycardia	mechanism.		

	

Distribution	of	Atrial	Macro-Reentrant	Circuits	

The	mean	TCL	was	273	±	62	ms.	Based	on	the	propagation	map	alone,	27	atrial	macro-

reentry	circuits	were	observed	(Figure	7.1).	12	(44%)	circuits	were	consistent	with	

CTI	dependent	atrial	macro-reentry,	10	(37%)	with	lower	loop	re-entry,	3	(11%)	with	

lateral	wall	circuits	and	2	(8%)	with	upper	loop	re-entry.		However,	with	entrainment	

mapping,	only	17	of	these	27	(63%)	circuits	were	active	(ie	shown	to	be	in	the	circuit).	

These	included	all	12	CTI	dependent	atrial	macro-reentry	and	2	upper	loop	re-entry	
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circuits.	However,	apparent	lower	loop	re-entry	was	confirmed	with	entrainment	in	

only	3/10.	In	addition,	none	of	the	3	apparent	lateral	wall	circuits	was	within	the	active	

circuit	on	entrainment.	In	one	of	these	examples,	the	propagation	map	suggested	the	

presence	of	counter-clockwise	CTI	dependent	atrial	macro-reentry	and	a	lateral	wall	

circuit;	 however	 entrainment	 was	 only	 consistent	 with	 counter-clockwise	 CTI	

dependent	atrial	macro-reentry.	In	a	second	example,	the	propagation	map	suggested	

a	lateral	wall	circuit,	however	entrainment	was	consistent	with	upper	loop	re-entry	

(Figure	7.2,	Movie	7.1).	In	the	third	example,	the	propagation	map	suggested	a	lateral	

wall	circuit	as	well	as	upper	loop	re-entry.	However,	entrainment	was	only	consistent	

with	upper	loop	re-entry	(Figure	7.3,	Movie	7.2).			

	

There	 was	 no	 significant	 difference	 in	 mean	 percentage	 of	 TCL	 covered	 when	

comparing	active	circuits	with	passive	circuits	(98	±	1%	versus	97	±	2%,	p	=	0.09).	

Mean	PPI-TCL	for	active	circuits	was	12	±	4	ms	compared	with	78	±	48	ms	for	passive	

circuits	(p	<	0.001).		

	

Comparison	Of	3D	Mapping	With	Entrainment	At	The	Posterior	Line	Of	Block	

In	 the	 12	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry,	 on	 the	 basis	 of	 the	

propagation	map,	there	appeared	to	be	breakthrough	across	the	superior	portion	of	

the	posterior	line	of	block	in	10	patients	consistent	with	lower	loop	re-entry	(Figure	

7.4,	Movie	7.3).	However,	using	entrainment	mapping,	in	7/10	(70%)	of	these	patients,	

the	apparent	breakthrough	site	was	not	part	of	 the	active	circuit.	The	overall	mean	

PPI-TCL	 at	 this	 site	 was	 83	 ±	 42	 ms.	 	 In	 the	 remaining	 3/10	 (30%)	 patients,	

entrainment	 at	 this	 site	 was	 within	 the	 active	 circuit	 and	 consistent	 with	 the	

propagation	map	finding	of	lower	loop	re-entry.		
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Sites	Of	Unexpected	Long	PPI	

In	8/15	(53%)	patients,	13	examples	of	entrainment	sites	that	had	an	unexpectedly	

long	PPI	were	observed	despite	either	being	immediately	adjacent	to	sites	that	were	

in	 the	 active	 circuit	 or	within	 the	 expected	 location	of	 the	 active	 circuit.	 	 In	10/13	

(77%)	examples,	unexpectedly	 long	PPI	were	observed	at	entrainment	 sites	where	

sites	distal	and	proximal	were	“in	 the	circuit”.	These	sites	were	 in	all	 cases	 located	

immediately	 distal	 to	 highly	 localized	 zones	 of	 slow	 conduction	 seen	 on	 the	

propagation	map,	with	wavefronts	breaking	around	these	zones.	The	mean	PPI–TCL	

at	these	sites	was	50	±	11	ms.	This	was	most	commonly	observed	at	the	limbus	of	the	

fossa	ovalis	(4/10)	(Figure	7.5,	Movie	7.4).	Other	areas	were	the	anterosuperior	RA	

(3/10),	lateral	wall	(2/10)	and	inferior	septum	(1/10)	(Figure	7.5,	Movie	7.4).		

	

In	 3/13	 (27%)	 cases,	 entrainment	 sites	 of	 unexpectedly	 long	 PPI	 occurred	

immediately	adjacent	to	the	path	of	the	active	wavefront.	This	was	observed	in	two	

patients	with	upper	 loop	re-entry	(Figure	7.1	Panel	A,	Movie	7.5).	 In	the	remaining	

patient	with	counter-clockwise	CTI	dependent	atrial	macro-reentry,	this	phenomenon	

occurred	 at	 the	 anterosuperior	RA.	 In	 all	 cases,	 there	was	 a	 localized	 zone	of	 slow	

conduction	immediately	proximal	to	the	entrainment	site	that	resulted	in	this	region	

being	 outside	 the	 active	 circuit	 despite	 being	 in	 close	 proximity	 to	 the	 active	

wavefront.			
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7.4	DISCUSSION	

	

The	main	findings	of	this	study	include:	

1. Visually	apparent	re-entry	with	>	95%	of	the	TCL	may	be	demonstrated	as	passive	

with	the	use	of	entrainment.	

2. Regional	 conduction	 slowing	 detected	 with	 high-density	 high-resolution	 3D	

mapping	due	to	functional	barriers	can	result	in	sites	in	anatomic	proximity	having	

very	different	entrainment	responses.	

3. Entrainment	 and	 high-density	 high-resolution	 3D	 mapping	 provide	

complementary	information.	

	

Entrainment	has	been	used	by	electrophysiologists	to	define	reentry	circuits	since	the	

original	 description	 of	 this	 technique	 by	 Waldo	 et	 al.236	 However,	 entrainment	

mapping	alone	has	limitations.	In	the	atrium,	low	amplitude	P	waves	superimposed	on	

the	QRS	or	T	wave	frequently	render	the	determination	of	concealment	impractical.	In	

unstable	 circuits,	 entrainment	 can	 change	 or	 terminate	 the	 arrhythmia.361	 In	 the	

presence	of	extensive	scar,	it	may	be	difficult	to	identify	the	narrow	isthmus366	as	well	

as	delineate	complex	circuits	in	patients	with	abnormal	atrial	anatomy	and	regions	of	

scar.289,352	The	development	of	3D	electroanatomical	mapping	systems	has	assisted	

electrophysiologists	 in	 overcoming	 these	 limitations	 by	 providing	 accurate	

localization	 of	 anatomical	 barriers	 and	 zones	 of	 scar.289,352	 Nevertheless,	 despite	

advances	 in	 technology,	entrainment	mapping	has	remained	central	 in	determining	

which	parts	of	the	atria	are	active	compared	to	those	which	are	activated	passively	in	

atrial	 macro-reentry.266,299	 As	 a	 consequence,	 a	 mapping	 approach	 that	 combines	
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entrainment	with	activation	mapping	is	the	most	widely	accepted	strategy	for	complex	

macro-reentrant	atrial	tachycardias.266,299	

	

The	ongoing	evolution	of	3D	electroanatomical	mapping	systems	has	seen	the	recent	

development	of	high-density	high-resolution	3D	mapping	systems	that	rapidly	acquire	

thousands	of	activation	points	with	automatic	electrogram	annotation	and	provide	a	

level	of	detail	not	previously	attainable.331	In	light	of	this	new	technology,	the	ongoing	

utility	of	 classical	entrainment	 techniques	has	been	questioned.365	Our	study	 found	

that	 when	 using	 high-density	 high-resolution	 3D	 activation	 maps,	 entrainment	

remains	 central	 in	 confirming	 the	 active	 components	 of	 the	 atrial	macro-reentrant	

circuit	as	well	as	indicating	where	apparent	“Visual	Reentry”	is	simply	a	manifestation	

of	passive	circuitous	propagation.		

	

Comparison	of	Circuits	Observed	During	High-Density	High-Resolution	3D	Mapping	With	

Entrainment	

Using	the	propagation	map	alone,	27	atrial	macro-reentrant	circuits	were	observed.	

However,	 using	 entrainment	 mapping	 only	 17/27	 (63%)	 of	 these	 circuits	 were	

present.	In	all	cases,	the	passive	circuits	accounted	for	>	90%	of	the	TCL.	In	addition,	

there	was	no	significant	difference	in	the	percentage	of	the	TCL	covered	by	the	circuit	

between	 active	 and	 passive	 circuits.	 These	 findings	 highlight	 that	 by	 simply	 using	

visual	 interpretation	alone,	passive	circuitous	propagation	or	2	passing	wavefronts	

may	be	incorrectly	considered	to	be	an	active	circuit.74	Furthermore,	entrainment	was	

critical	 in	 discriminating	 active	 and	 passive	 circuits.	 Despite	 concerns	 that	

entrainment	maneuvers	may	 terminate	or	alter	atrial	 tachycardia,361	our	 study	has	

shown	that	entrainment	resulted	in	alteration	in	the	mean	TCL	by	>	10	ms	in	only	0.6%	
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of	 entrainments	 runs.	 None	 of	 the	 entrainment	 runs	 resulted	 in	 termination	 of	

tachycardia	or	change	to	a	different	tachycardia	mechanism.	Our	data	is	similar	to	a	

recent	analysis	of	macro-reentrant	atrial	tachycardia	post	AF	ablation	that	reported	

that	<	1%	of	stable	atrial	tachycardia	was	altered	or	terminated	by	overdrive	pacing.367		

	

Visual	Misinterpretation	Of	Re-Entry	

In	10/12	(83%)	of	patients	with	CTI	dependent	atrial	macro-reentry,	the	propagation	

map	appeared	to	show	breakthrough	across	the	superior	portion	of	the	posterior	line	

of	block.	However,	entrainment	at	this	location	showed	that	this	site	was	not	within	

the	active	circuit	in	7/10	(70%)	cases.	In	these	cases,	the	presence	of	a	caudo-cranial	

wavefront	and	a	cranio-caudal	wavefront	at	the	posterior	 line	of	block	was	visually	

misinterpreted	as	a	continuous	wavefront	breaking	across	the	superior	portion	of	the	

posterior	 line	of	block.	Furthermore,	 in	one	of	the	cases	of	upper	 loop	re-entry,	 the	

visual	appearance	of	a	re-entrant	circuit	in	the	superior	lateral	RA	was	created	by	a	

passive	 ascending	wavefront	 passing	 the	 active	 descending	wavefront	 (Figure	 7.3,	

Movie	 7.2).	 Thus,	 it	 is	 the	 presence	 of	 a	 line	 of	 block	 and	 the	 location	 at	 which	 2	

opposite	wavefronts	pass	each	other	 that	creates	 the	visual	 impression	of	re-entry.	

This	should	not	be	viewed	as	a	shortcoming	of	the	mapping	system	but	a	limitation	of	

visual	interpretation.		

	

Although	a	recent	review	by	Bun	et	al.365	has	suggested	that	high-density	high	density	

3D	mapping	systems	may	negate	the	need	for	entrainment,	our	findings	have	shown	

that	visual	interpretation	alone	cannot	be	used	to	define	components	of	the	re-entrant	

circuit	and	that	entrainment	helped	clarify	the	nature	of	the	wavefront	propagation.		
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Sites	Of	Unexpected	Long	PPI	Located	Distal	To	Zones	Of	Slow	Conduction	

In	53%	of	patients,	sites	of	unexpectedly	long	PPI	were	observed	in	close	proximity	to	

the	active	circuit.	This	was	most	commonly	observed	in	the	limbus	of	the	fossa	ovalis	

followed	 by	 the	 anterosuperior	 RA.	 As	 clearly	 shown	 using	 the	 high-density	 high	

density	 3D	 propagation	 maps,	 localized	 regions	 of	 slow	 conduction	 were	 seen	

immediately	proximal	to	the	unexpectedly	long	PPI	site.	The	reasons	for	a	misleading	

long	PPI	has	previously	been	unclear	with	some	investigators	attributing	latency	at	

the	pacing	site368	and	others	suggesting	decremental	conduction	within	the	circuit.369	

Using	high-density	high-resolution	3D	mapping,	we	have	 identified	highly	 localized	

zones	of	slow	conduction	that	when	located	proximal	to	an	entrainment	pacing	site	

resulted	in	long	PPI	despite	being	in	close	proximity	to	the	active	circuit.		

	

It	 is	 possible	 particularly	with	 unexpectedly	 long	 PPI	 sites	 located	 adjacent	 to	 the	

active	wavefront	that	the	active	circuit	may	have	been	incorrectly	represented	in	close	

proximity	to	these	locations.	However,	in	all	cases	where	the	long	PPI	site	was	within	

the	 expected	 location	 of	 the	 active	 circuit,	 entrainment	 sites	 located	 distal	 and	

proximal	were	“in”	the	circuit.		In	addition,	in	cases	of	long	PPI	located	adjacent	to	the	

active	 wavefront,	 entrainment	 was	 performed	 at	 multiple	 sites	 along	 the	 active	

wavefront	 to	 confirm	 these	 sites	 were	 “in”	 the	 circuit.	 These	 localized	 regions	

separating	sites	that	are	“in”	from	sites	that	are	“out”	most	probably	represent	areas	

of	functional	conduction	delay.	

	

Implications	

Our	study	has	highlighted	that	even	in	the	presence	of	a	stable	arrhythmia	with	a	high	

density	of	points	(>	20,000),	re-entrant	circuits	which	were	observed	visually	(“Visual	
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reentry”)	 using	 high-density	 high-resolution	 3D	 mapping	 were	 not	 present	 with	

entrainment	mapping.	 These	 findings	have	 clear	 implications	 for	mapping	of	 atrial	

macro-reentry.	 However,	 the	 findings	 may	 also	 have	 implications	 for	 AF	mapping	

techniques	where	the	visual	identification	of	transient	and	sustained	rotors	has	been	

used	to	guide	ablation.62,71	Although	we	acknowledge	that	the	mapping	techniques	and	

mechanisms	differ	between	macro-reentry	observed	in	our	study	and	rotors	in	AF,	the	

use	of	visual	 impression	 to	 interpret	a	 series	of	 consecutive	activations	 forming	an	

apparent	closed	loop	is	common	to	both.341	

	

Limitations	

Methodological	limitations	of	entrainment	mapping	may	affect	the	validity	of	the	PPI.	

Decremental	conduction	during	pacing	increases	PPI	which	may	lead	to	reentrant	sites	

being	incorrectly	labelled	as	outside	the	circuit.	In	addition,	the	utility	of	entrainment	

is	limited	when	the	TCL	is	variable.			
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7.5	CONCLUSIONS	

	

In	 the	 era	 of	 high-density	 high-resolution	 3D	 mapping,	 entrainment	 remains	 an	

important	tool	to	confirm	that	visual	re-entry	is	indeed	active	re-entry.	High-density	

high-resolution	3D	mapping	alone	may	create	 the	appearance	of	a	complete	circuit	

which	is	actually	passive	and	has	no	relevance	to	the	tachycardia	mechanism.	On	the	

other	 hand,	 entrainment	 is	 not	 without	 its	 limitations	 and	 high-density	 high-

resolution	3D	mapping	provides	new	insights	 into	regional	conduction	which	helps	

explain	 unusual	 entrainment	 phenomena.	 Thus,	 high-density	 high-resolution	 3D	

mapping	and	entrainment	continue	 to	be	complementary	 techniques	 in	delineating	

atrial	macro-reentry.	
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7.6	TABLES	

Table	7.1.	Baseline	Characteristics	

 n = 15 

Age, yrsa 61 ± 12 

Male gender, n (%) 13 (87%) 

Hypertension, n (%) 5 (33%) 

Diabetes, n (%) 2 (13%) 

Ischaemic heart disease, n (%) 4 (27%) 

TIA/Stroke, n (%) 2 (13%) 

CHA2DS2VASc scorey 2 (1, 2) 

Left ventricular function  

Normal, n (%) 10 (67%) 

Mild, n (%) 3 (20%) 

Moderate, n (%) 2 (13%) 

Previous cardiac surgery  

CABG, n (%) 3 (20%) 

Mitral valve repair, n (%)  4 (27%)  

apresented as mean ± SD, ypresented as median (25th percentile, 75th percentile) 

TIA represents transient ischaemic attack, CABG; coronary artery bypass surgery 

  



	 287	

7.7	FIGURES	

	

Figure	7.1.	Distribution	Of	Circuits	

	

The	distribution	of	atrial	macro-reentry	circuits	using	high-density	high-resolution	3D	

mapping	 is	 shown	 in	 dark	 blue	 and	 entrainment	 in	 light	 blue.	 The	 number	 of	 CTI	

dependent	atrial	macro-reentry	circuits	were	identical.	However,	using	high-density	

high-resolution	3D	mapping,	twice	the	number	of	 lower	loop	re-entry	circuits	were	

seen	 compared	 with	 entrainment.	 Three	 lateral	 wall	 circuits	 observed	 on	 the	

propagation	map	were	not	seen	with	entrainment.		
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Figure	7.2.	Apparent	Lateral	Wall	Circuit	Not	Present	with	Entrainment	

	

The	 propagation	 map	 suggested	 an	 apparent	 lateral	 wall	 circuit.	 However,	 using	

entrainment	 mapping,	 only	 upper	 loop	 re-entry	 was	 present.	 Entrainment	 sites	

corresponding	to	the	ascending	limb	of	the	apparent	lateral	wall	circuit	were	outside	

the	circuit	(red	tags.)	
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Figure	 7.3.	 Lateral	 Wall	 Circuit	 Seen	 With	 High-Density	 High-Resolution	 3D	

Mapping	Not	Observed	With	Entrainment	

	

The	propagation	map	suggested	both	upper	loop	re-entry	(blue	arrow)	and	a	lateral	

wall	circuit	(white	arrows).	However,	using	entrainment,	only	upper	loop	re-entry	was	

present	 (green	 tags).	Entrainment	sites	corresponding	 to	 the	ascending	 limb	of	 the	

apparent	lateral	wall	circuit	were	outside	the	circuit	(red	tags).		The	PPI-TCL	at	these	

two	entrainment	sites	were	51	ms	and	58	ms.	In	Panel	A,	an	entrainment	site	with	an	

unexpectedly	 long	PPI	was	observed	 immediately	adjacent	 to	 the	active	wavefront.	

This	 entrainment	 site	was	 located	 distal	 to	 a	 line	 of	 slow	 conduction	 (short	white	

arrows	heads).	PPI-TCL	at	this	site	was	42	ms.	
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Figure	7.4.	Apparent	Breakthrough	At	The	Superior	Portion	Of	The	Posterior	

Line	Of	Block	

	

Panel	A.	In	10/12	(83%)	patients	with	CTI	dependent	atrial	macro-reentry,	there	was	

apparent	 breakthrough	 across	 the	 superior	 portion	 of	 the	 posterior	 line	 of	 block	

during	 high-density	 high-resolution	 3D	 mapping	 (white	 arrow).	 However,	

entrainment	 showed	 that	 this	 site	 was	 outside	 the	 active	 circuit	 in	 7/10	 (70%)	

patients	(red	tags).	Panel	B.	PPI-TCL	was	197	ms.	
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Figure	7.5.	Unexpectedly	Long	PPI	At	Inferior	Septum	

	

In	this	example	of	counter-clockwise	CTI	dependent	atrial	macro-reentry,	a	localized	

zone	of	slow	conduction	involving	the	inferior	septum	was	seen	which	is	continuous	

with	the	limbus	of	the	fossa	ovalis	(short	blue	arrows).		Due	to	this	localized	zone	of	

slow	conduction,	entrainment	sites	located	distal	were	outside	the	active	circuit	(red	

tags).	The	active	wavefront	continued	around	the	tricuspid	annulus.	
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Figure	7.6.	Unexpectedly	Long	PPI	Immediately	Adjacent	To	Active	Wavefront	

	

In	 this	 example	 of	 upper	 loop	 re-entry,	 an	 entrainment	 site	 located	 immediately	

adjacent	 to	 the	active	wavefront	 (long	white	arrow)	had	an	unexpectedly	 long	PPI.	

Panel	A.	Entrainment	sites	along	the	path	of	the	active	wavefront	had	a	PPI-TCL	<20	

ms	(green	tags).	Panel	B.	An	entrainment	site	located	distal	to	a	line	of	slow	conduction	

(short	white	arrows)	had	a	long	PPI	despite	being	immediately	adjacent	to	the	path	of	

the	active	wavefront.	PPI-TCL	at	this	site	was	42	ms.	
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7.8	MOVIES	

	
The	following	movies	can	be	accessed	by	clicking	or	copying	the	link	below	into	your	

web	browser:	

https://www.dropbox.com/sh/apnz8n981b2zqd8/AAAsn00AhklGKiJQQxJysGkDa?d
l=0	
	
	

Movie	7.1.	Apparent	Lateral	Wall	Circuit	Not	Present	With	Entrainment	

	

The	propagation	map	suggested	the	presence	of	a	lateral	wall	circuit	(white	arrows).	

However,	 using	 entrainment	 mapping,	 only	 upper	 loop	 re-entry	 was	 present.	

Entrainment	sites	corresponding	 to	 the	ascending	 limb	of	 the	apparent	 lateral	wall	

circuit	were	outside	the	circuit	(red	tags.)	

	

Movie	 7.2.	 Lateral	 Wall	 Circuit	 Seen	 With	 High	 Density	 High	 Resolution	 3D	

Mapping	Not	Observed	with	Entrainment	

	

Using	high-density	high-resolution	3D	mapping,	the	propagation	map	suggested	the	

presence	 of	 upper	 loop	 re-entry	 as	 well	 as	 a	 lateral	 wall	 circuit.	 As	 shown	 in	 the	

propagaton	 on	 the	 left,	 a	 lateral	wall	 circuit	 is	 evident	 (white	 arrow).	 However	 as	

shown	in	the	propagation	map	on	the	right,	using	entrainment	mapping,	the	lateral	

wall	circuit	was	not	present.	Entrainment	sites	corresponding	to	the	ascending	limb	of	

the	lateral	wall	circuit	were	outside	the	circuit	(red	tags).		The	PPI-TCL	as	these	two	

entrainment	sites	were	51	ms	and	58	ms.	
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Movie	7.3.	Apparent	Breakthrough	At	The	Superior	Portion	Of	Posterior	Line	Of	

Block	

	

Panel	 A.	 In	 10/12	 (83%)	 patients	 with	 CTI	 dependent	 atrial	 macro-reentry,	 there	

appeared	to	be	breakthrough	across	the	superior	portion	of	the	posterior	line	of	block	

during	 high-density	 high-resolution	 3D	mapping	 (white	 arrow).	Panel	 B.	 However,	

entrainment	mapping	 showed	 that	 this	 site	was	 outside	 the	 active	 circuit	 in	 7/10	

(70%)	patients	(red	tags).	Panel	C.	In	this	example,	the	PPI-TCL	was	197	ms.	

	

Movie	7.4.	Unexpectedly	Long	PPI	At	The	Limbus	Of	Fossa	Ovalis	And	Inferior	

Septum	

	

In	this	example,	a	propagation	map	of	the	right	atrial	septum	in	a	patient	with	counter-

clockwise	CTI	dependent	atrial	macro-reentry	is	shown.	There	is	a	localized	zone	of	

slow	conduction	that	involves	the	inferior	septum	which	is	continuous	with	the	limbus	

of	the	fossa	ovalis	(short	blue	arrows).		As	a	result	of	this	highly	localized	zone	of	slow	

conduction,	entrainment	sites	located	distal	were	outside	the	active	circuit	(red	tags).	

The	PPI-TCL	was	51	ms	at	the	entrainment	site	distal	to	the	limbus	of	the	fossa	ovalis.	

The	 PPI-TCL	 was	 76	 ms	 at	 the	 inferior	 septum.	 	 The	 active	 wavefront	 continued	

anterior	to	the	SVC	around	the	tricuspid	annulus	(TA).	

	

Movie	7.5.	Unexpectedly	Long	PPI	Immediately	Adjacent	To	Active	Wavefront	

	

Panel	 A.	 In	 this	 case	 of	 upper	 loop	 re-entry,	 an	 entrainment	 site	 (red	 tag)	 located	

immediately	adjacent	to	the	active	wavefront	(long	white	arrow)	had	an	unexpectedly	
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long	PPI.	Panel	B.	Entrainment	sites	along	the	path	of	the	active	wavefront	had	a	PPI-

TCL	<	20	ms	(green	tags).	However,	the	entrainment	site	located	distal	to	a	line	of	slow	

conduction	(short	blue	arrows)	had	a	long	PPI	despite	being	immediately	adjacent	to	

the	path	of	the	active	wavefront.	Panel	C.	The	PPI-TCL	at	this	site	was	42	ms.	
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CHAPTER	EIGHT	

	

Final	Discussions	

	

AF	 and	 atrial	macro-reentry	 are	 common	 arrhythmias	 associated	with	 debilitating	

symptoms	which	 respond	 poorly	 to	 anti-arrhythmic	medications.	 Advances	 in	 our	

understanding	 of	 the	 mechanisms	 underlying	 these	 arrhythmias	 through	

improvements	 in	 technology	 has	 seen	 the	 development	 of	 successful	 treatment	

algorithms	of	which	catheter	ablation	is	at	the	forefront.	However,	despite	significant	

gains,	 outcomes	 have	 been	 suboptimal	 and	 may	 be	 due	 to	 an	 incomplete	

understanding	 of	 arrhythmia	 mechanism.	 This	 thesis	 therefore	 sought	 to	 further	

understand	the	mechanisms	of	persistent	AF	and	atrial	macro-reentry	using	novel	3D	

mapping	technology.	

	

In	 persistent	 AF,	 there	 is	 considerable	 ongoing	 debate	 regarding	 the	 underlying	

pathophysiology.	These	 include	 focal	 activation,	 epicardial-endocardial	 dissociation	

or	 rotational	 activity.	 The	most	 promising	 findings	 have	 been	with	 the	 latter	with	

catheter	ablation	at	the	center	of	the	rotors	associated	with	acute	termination	of	AF	

and	long-term	freedom	from	AF.		However,	these	encouraging	results	have	not	been	

reported	uniformly	and	possibly	relate	to	the	2D	representation	of	the	LA	on	which	

phase	was	animated	in	these	studies.	In	Chapter	2,	we	used	novel	3D	phase	mapping	

technology	which	takes	into	consideration	the	patient’s	3D	left	atrial	anatomy	and	the	

3D	locations	of	the	basket	catheter	electrodes	to	determine	the	dominant	propagation	

patterns	 in	 persistent	 AF	 patients	 undergoing	 catheter	 ablation.	We	 observed	 that	
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single	wavefronts	were	the	most	common	propagation	pattern	across	all	patients	in	

prolonged	recordings	using	3D	phase	mapping.	34	transient	rotors	were	observed	in	

64%	of	patients	with	mean	duration	of	1.0	±	0.6	s.		In	44%	of	patients,	rotors	re-formed	

at	 the	 same	anatomical	 location	with	 the	mean	 time	 interval	 of	18.2	±	16.8	 s	 from	

cessation	 and	 formation	 of	 the	 rotor	 at	 the	 same	 anatomical	 location.	 Importantly,	

rotors	were	only	observed	in	areas	of	high	electrode	density	where	the	inter-electrode	

distance	was	significantly	shorter	than	non-rotor	sites).	These	findings	suggest	that	

the	 electrode	 density	 of	 the	 basket	 catheter	 may	 limit	 the	 detection	 of	 rotational	

activity.	

	
In	addition	to	the	2D	representation	of	the	LA	by	currently	available	phase	mapping	

systems,	 the	 64	 unipolar	 electrodes	 of	 the	 basket	 catheter	 are	 also	 assumed	 to	 be	

arranged	 in	 an	 evenly	 spaced	 grid	 of	 8x8	 in	 a	 fixed	 position	 within	 the	 LA.	 Such	

assumptions	 do	 not	 appear	 to	 consider	 the	 actual	 locations	 of	 the	 basket	 catheter	

electrodes	in	3D	space,	the	relative	position	of	the	basket	catheter	within	the	LA	or	the	

three-dimensionality	 of	 the	 LA.	 	 Consequently,	 this	 may	 lead	 to	 inaccurate	

representations	of	activation	patterns	and	possibly	explain	the	disparate	findings	from	

outcome	studies	using	2D	phase	mapping	to	guide	ablation	of	rotors.	In	Chapter	3,	we	

analysed	 the	 dominant	 propagation	 patterns	 using	 2D	 phase	 mapping	 and	

subsequently	determined	whether	rotors	observed	in	2D	phase	maps	were	present	in	

3D	phase	maps	in	the	corresponding	patient,	time	segments	and	anatomical	location.		

Using	 2D	 phase	 mapping,	 the	 dominant	 propagation	 pattern	 overall	 was	 single	

wavefronts	 followed	 by	 focal	 activation.	 However,	 there	 was	 variability	 between	

patients	 regarding	 the	 dominant	 propagation	 pattern.	 10	 transient	 rotors	 were	

observed	in	9/14	(64%)	patients	with	the	mean	rotor	duration	of	1.1	±	0.7	s.	None	of	
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the	10	rotors	observed	in	2D	phase	maps	were	seen	in	corresponding	time	segments	

and	anatomical	 locations	 in	3D	phase	maps;	4/10	 (40%)	corresponded	with	 single	

wavefronts	in	3D	phase	maps,	2/10	(20%)	with	two	simultaneous	wavefronts,	1/10	

(10%)	with	disorganized	activity	and	 in	3/10	(30%)	 there	was	no	coverage	by	 the	

basket	catheter	at	the	corresponding	3D	anatomical	location.	These	findings	highlight	

the	significant	limitations	of	current	systems	which	use	2D	phase	mapping	to	detect	

and	guide	ablation	of	rotors	and	may	explain	the	disparate	findings	from	the	multiple	

studies	which	have	evaluated	 the	utility	of	ablation	at	 rotor	 sites	using	a	2D	phase	

mapping	approach.	

	

In	 combination	 with	 2D	 phase	 mapping,	 currently	 available	 systems	 use	 the	

Constellation	basket	catheter	to	record	electrical	signals	during	AF.		In	addition	to	the	

abovementioned	assumptions,	these	systems	also	assume	that	all	the	basket	catheter	

electrodes	are	in	contact,	that	the	basket	catheter	provides	symmetric	global	coverage	

of	the	entire	LA	and	that	none	of	the	splines	are	located	within	the	mitral	annulus	or	

the	ventricle.	The	recent	use	of	the	basket	catheter	with	an	alternate	technique	of	3D	

activation	 mapping	 highlights	 the	 importance	 in	 understanding	 the	 potential	

limitations	 of	 this	 catheter	 given	 its	 increasing	 clinical	 use.	 	 In	 Chapter	 4,	 we	

systematically	analyzed	the	spatial	characteristics	of	the	Constellation	basket	catheter.		

We	observed	that	the	basket	catheter	does	not	provide	global	coverage	of	the	LA	with	

only	approximately	22%	of	the	LA	surface	area	mapped	with	regional	variation.	 	 In	

addition,	there	was	evidence	of	poor	signal	quality	and	contact	with	the	endocardial	

surface.	These	findings	suggest	that	these	limitations	of	the	basket	catheter	should	be	

taken	 into	 consideration	 when	 evaluating	 activation	 patterns	 generated	 from	

recordings	using	this	catheter	as	described	in	Chapters	2	and	3.	Furthermore,	a	more	
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complete	understanding	of	the	activation	patterns	of	persistent	AF	will	depend	on	the	

development	of	more	sophisticated	basket	catheters	which	provide	better	coverage	of	

the	LA.	

	

Prior	 to	 the	 recent	 focus	 on	 AF,	 atrial	macro-reentry	was	 the	 subject	 of	 extensive	

research.	Elegant	entrainment	 studies	with	 the	use	of	 fluoroscopy	and	 intracardiac	

echocardiography	characterized	the	critical	components	of	the	different	types	of	atrial	

macro-reentry.	 The	 further	 development	 of	 3D	 electroanatomical	 mapping	 helped	

delineate	circuits	in	patients	with	areas	of	scar	and	abnormal	atrial	anatomy.	Despite	

these	 significant	 advances,	 many	 questions	 remain	 regarding	 the	 location	 of	 the	

posterior	line	of	block	and	the	relationship	between	substrate	and	conduction.		Using	

high-density	 high-resolution	 3D	mapping,	 Chapter	 5	 sought	 to	 answer	 unresolved	

questions	in	our	understanding	of	the	mechanisms	of	atrial	macro-reentry.	We	found	

that	the	most	common	location	of	the	posterior	line	of	block	in	CTI	dependent	atrial	

macro-reentry	was	the	posteromedial	RA.	We	also	observed	the	novel	finding	that	this	

line	of	block	continued	superiorly	into	the	SVC.	Furthermore,	conduction	slowing	or	

block	 was	 seen	 at	 the	 limbus	 of	 the	 fossa	 ovalis	 and	 the	 Eustachian	 ridge	 in	 the	

majority	of	patients.	Highly	variable	and	localized	areas	of	slow	conduction	were	also	

observed	 in	 the	 inferior	septum	(45%),	superior	septum	(27%),	anterosuperior	RA	

(23%)	and	lateral	RA	(23%).	Localized	conduction	slowing	was	seen	in	the	CTI	in	50%	

of	 patients	 but	 there	was	 no	 generalized	 conduction	 slowing	 in	 this	 isthmus.	 	 The	

voltage	in	regions	of	slow	conduction	was	significantly	lower	compared	with	areas	of	

normal	conduction	velocity	(p	<	0.001).	These	findings	highlight	that	by	using	high-

density	 high-resolution	 3D	mapping,	 variable	 regions	 of	 abnormal	 atrial	 substrate	
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were	 associated	 with	 conduction	 slowing	 and	 block,	 and	 resulted	 in	 individual	

variation	of	propagation	patterns.	

	

The	concept	of	EEB	has	been	postulated	as	a	potential	mechanism	for	persistent	AF.	

However,	 evidence	 for	 the	 presence	 of	 EEB	 in	 humans	 is	 derived	 from	 mapping	

inferences	in	patients	with	AF	who	may	also	have	focal	activations.		The	recent	advent	

of	high-density	high-resolution	3D	mapping	provides	an	opportunity	to	study	atrial	

activation	patterns	to	a	level	of	detail	not	previously	possible.	We	hypothesized	that	if	

EEB	is	present	during	AF,	and	dependent	on	anatomically	located	muscle	bundles,	then	

consistent	and	verifiable	evidence	for	this	may	be	present	during	stable	atrial	macro-

reentry.	In	Chapter	6	using	high-density	high-resolution	3D	mapping,	we	investigated	

the	presence	of	activation	and	entrainment	patterns	consistent	with	EEB	in	patients	

with	 stable	 right	 atrial	 macro-reentry.	 We	 observed	 14	 examples	 of	 EEB,	

predominantly	located	at	the	posterior	RA.	Other	sites	included	the	CTI	post	ablation,	

RA	septum	and	inferolateral	RA.	In	addition,	bipolar	activation	maps	demonstrated	the	

presence	of	EEB	at	the	same	anatomical	location	during	both	tachycardia	and	stable	

CSp	pacing.	The	presence	of	EEB	at	 fixed	anatomic	 locations	and	that	EEB	was	also	

present	during	atrial	pacing	suggests	the	occurrence	of	anatomic	determinants	such	

as	the	posterior	inter-atrial	bundles	for	EEB	at	the	posterior	RA.	In	4	cases,	supported	

by	systematic	entrainment,	the	EEB	sites	were	part	of	the	circuit	and	in	one	of	these	

cases,	critical	to	arrhythmia	maintenance.	These	findings	suggest	that	EEB	may	occur	

in	stable	atrial	macro-reentry	with	dissociated	epicardial	 fibres	 forming	part	of	 the	

reentrant	circuit.	
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Entrainment	is	a	key	electrophysiological	technique	used	to	define	components	of	the	

macro-reentrant	circuit.	With	the	recent	development	of	high-density	high-resolution	

3D	mapping	 and	 the	 level	 of	 detail	 achieved	 in	 the	 activation	maps	 generated,	 the	

ongoing	use	of	entrainment	has	been	questioned.	There	are	also	many	limitations	to	

entrainment	such	as	the	presence	of	an	expectedly	long	PPI	interval	despite	proximity	

to	the	active	circuit.	On	the	other	hand,	the	limitations	of	visual	representation	and	

interpretation	are	unclear.	In	Chapter	7,	in	patients	with	right	atrial	macro-reentry,	we	

systematically	 combined	 high-density	 high-resolution	 3D	 mapping	 with	 detailed	

entrainment	mapping	to	determine	the	strengths	and	pitfalls	of	both	techniques.	We	

observed	that	entrainment	was	critical	in	discriminating	between	active	and	passive	

circuits	in	atrial	macro-reentry.	Of	the	27	circuits	observed	using	the	propagation	map	

alone,	 only	 17	 (63%)	 of	 these	 circuits	 were	 present	 with	 entrainment	 mapping.	

Furthermore,	 despite	 concerns	 that	 entrainment	 may	 alter	 or	 terminate	 the	

tachycardia,	 less	 than	 1%	 of	 entrainment	 runs	 altered	 the	 TCL.	 None	 of	 the	

entrainment	 runs	 resulted	 in	 termination	 of	 tachycardia	 or	 change	 to	 a	 different	

tachycardia	mechanism.	Using	high-density	high-resolution	3D	mapping,	we	identified	

localized	zones	of	slow	conduction	which	when	located	proximal	to	an	entrainment	

pacing	 site	 resulted	 in	 long	 PPI	 despite	 close	 proximity	 to	 the	 active	 circuit.	 The	

findings	 from	 this	 chapter	 suggest	 that	 in	 atrial	 macro-reentry,	 high-density	 high-

resolution	3D	mapping	and	entrainment	remain	complementary	techniques.		
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CHAPTER	NINE	

	

Future	Directions	

	

Significant	 advances	 have	 been	 made	 in	 recent	 years	 to	 better	 understand	 the	

pathophysiology	 of	 persistent	AF	 in	 order	 to	 develop	 successful	 treatment	 options	

based	on	a	clear	understanding	of	arrhythmia	mechanism.	The	most	notable	finding	

has	been	the	presence	of	stable	rotors	where	are	thought	to	be	drivers	for	persistent	

AF.	Despite	many	centres	reporting	promising	findings	in	terms	of	acute	termination	

and	long	term	freedom	from	AF	by	ablating	the	rotor	core,	these	encouraging	results	

have	not	been	observed	uniformly.	It	is	likely	that	the	2D	representation	of	the	LA	by	

this	mapping	strategy	may	explain	the	discrepancy	between	studies.		

	

One	of	the	major	advances	of	this	thesis	has	been	the	use	of	novel	3D	phase	mapping	

technology	that	takes	into	consideration	the	three-dimensionality	of	the	LA	to	project	

phase.	However,	as	there	are	currently	no	available	pacing	techniques	to	validate	the	

activation	 patterns	 in	 AF	 and	 without	 using	 ablation	 to	 target	 putative	 drivers,	 it	

remains	unclear	whether	the	transient	rotors	observed	in	this	thesis	were	critical	to	

the	arrhythmia	maintenance.	Future	application	of	this	novel	technology	may	include	

the	 development	 of	 real-time	 analysis	 during	 the	 clinical	 case	 with	 a	 view	 to	

performing	 radiofrequency	 ablation	 of	 any	 rotors	 observed.	 In	 this	 thesis,	we	 also	

noted	 significant	 limitations	 of	 the	 Constellation	 basket	 catheter	 in	 terms	 of	 signal	

quality,	electrode	contact,	electrode	density,	and	left	atrial	coverage.	The	development	

of	 basket	 catheters	which	 provide	 uniform	 left	 atrial	 coverage	with	 high	 electrode	
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density	 is	 therefore	 critical	 in	 order	 to	 better	 understand	 activation	 patterns	 in	

persistent	 AF.	 It	 is	 envisaged	 that	 these	 future	 studies	 will	 further	 advance	 our	

understanding	of	persistent	AF	and	ultimately	translate	into	the	development	of	more	

successful	and	tailored	treatments.		

	

Prior	 to	 the	recent	attention	on	AF,	atrial	macro-entry	was	the	subject	of	extensive	

research.	 	 The	 use	 of	 entrainment	 with	 fluoroscopy	 or	 more	 recently	 with	 3D	

electroanatomical	mapping	characterized	the	critical	components	of	the	various	forms	

of	 atrial	 macro-reentry.	 	 The	 recent	 advent	 of	 high-density	 high-resolution	 3D	

mapping	provides	an	opportunity	to	analyze	activation	patterns	to	a	level	of	detail	not	

previously	attainable.	With	the	use	of	this	novel	technology,	this	thesis	has	been	able	

to	answer	unresolved	questions	in	our	understanding	of	atrial	macro-reentry	as	well	

as	challenge	previously	accepted	ideas.	This	technology	allows	us	to	rethink	and	refine	

our	understanding	of	atrial	macro-reentry.		

	

Future	applications	of	this	technology	in	atrial	macro-reentry	include	an	extension	of	

the	same	analysis	of	the	relationship	between	substrate	and	conduction	to	left	atrial	

macro-reentry.	 In	 addition,	 given	 the	 individual	 variation	 in	 propagation	 patterns	

observed	even	for	CTI	dependent	atrial	macro-reentry,	a	detailed	analysis	of	surface	

ECG	morphology	of	typical	flutter	waves	may	allow	correlation	with	certain	variants	

of	propagation.		

	

Furthermore,	normal	bipolar	 voltages	 in	 the	 atria	have	never	been	elucidated.	The	

cutoffs	of	<	0.05	mV	as	scar	and	<	0.5	mV	as	low	voltage	zone	are	largely	arbitrary,	

derived	from	the	widely	spaced	bipoles	of	an	ablation	catheter	and	based	on	animal	
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work.	They	do	not	necessarily	reflect	the	voltage	measured	by	tight	flat	bipoles	nor	do	

they	take	into	account	both	individual	and	regional	voltage	variation.	The	advent	of	

high-density	high-resolution	3D	mapping	necessitates	a	thorough	reconsideration	of	

normal	 atrial	 voltage	 ranges	 and	 should	 be	 the	 subject	 of	 future	 research.	 	 It	 is	

anticipated	these	future	studies	using	high-density	high-resolution	3D	mapping	will	

help	further	refine	our	understanding	of	atrial	macro-reentry.		
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